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PREFACE 

 

Spintronics (also termed as spin electronics) at the interface between the magnetism and 

electronics is a new field of research in multidisciplinary level and emerging out technology. 

This exploits both intrinsic spin of the electron and its associated magnetic moment in addition 

to its fundamental electronic charge. In particular, the spintronics based on diluted magnetic 

semiconductors (DMS) provides a new technology that transforms reading and writing 

information for many uses by spin rather than by typical electronic charge. Hence, DMS 

materials are considered as one of the new kind of materials for spintronic applications, 

especially those materials whose Curie temperature (TC) is above room temperature. However, 

the practical applications of these materials are strongly challenged by its low reproducibility 

of room temperature ferromagnetism (FM) and controversial observations concerning over the 

origin of FM in DMS materials. Nevertheless, extensive studies on high TC ferromagnetic DMS 

including NiO, ZnO, TiO2, SnO2, ZnTe, In2O3, Cu2O, etc., have been reported after the 

discovery of the room temperature FM in Co doped TiO2 thin films. In addition, the effect of 

doping using selective elements such as Mn, Co, Ni and V in metal-oxide has been studied to 

induce FM beyond room temperature. However, Sundaresan et al proposed that FM behavior 

in nanoparticles of non-magnetic oxides is a universal feature and FM was confined to the 

surface of the nanoparticles. 

On the other hand, the study of fine nanocrystalline metal-oxide particles has become a 

subject of increasing interest and intense research in the myriad of different fields such as 

catalysis, magnetic resonance imaging contrast agents, targeted drug delivery, sensors, energy 

conversion, electrochromics, etc. These nanoparticles lie between clusters whose properties 

are strongly dependent on its size and submicron sized particles which have almost the 

properties same as bulk materials. In particular, the study of magnetism and magnetic 

interactions in various types of metal-oxide nanoparticles has generated much attention due to 

size and/or defect induced magnetic properties and their potential applications in biomedical, 

magnetoelectronic device, catalysis, spintronics, etc. There has been a profusion of recent work 

on the magnetic properties of nanosized antiferromagnetic (AFM) particles and most of the 

reports demonstrate the existence of FM moment on the nanoparticles. This was mainly 

instigated from Néel’s suggestion that fine nanoparticles of AFM nature should exhibit either 

a weak FM or superparamagnetism. Richardson et al reported the first investigation on size 

dependent properties of NiO system. Subsequently, the effect of size dependent magnetic 
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properties and the competition between finite sizes versus surface effects on the room 

temperature magnetic crossover of NiO were reported. Out of these studies, a common theory 

put forward to discuss the unusual FM properties is a form of core-shell model, where the core 

spins are antiferromagnetically aligned and the shell spins give rise to FM moment. In addition, 

several other models such as two-sublattice model and multi-sublattice model were also 

proposed to account for the observation of large moment in NiO nanoparticles. Some 

theoretical calculation and experimental data have shown that NiO nanoparticles ranging from 

1 to 50 nm can have both AFM and FM couplings. Furthermore, there exists controversial 

reports on the nature of the temperature dependent magnetic properties. For instance, Duan et 

al and Rinaldi-Montes et al reported the existence of two peaks in zero-field-cooled (ZFC) 

curves corresponding to two blocking processes, while Tiwari et al observed only the signature 

of spin glass freezing without any low temperature freezing or blocking. 

Similarly, wide band gap DMS have gained enormous attention recently as a promising 

route to realize semiconductor based spintronics. Sharma et al reported the first experimental 

evidence of showing room temperature FM in Mn doped ZnO. The recent studies on ZnO 

system revealed realization of room temperature FM in either pure nanostructured ZnO without 

transition metal doping or ZnO doped with non-magnetic ions such as C and K. However, a 

careful analysis of the literature reveals contradictory results on the development of room 

temperature FM in pure ZnO system. Bartolomé et al showed that the preparation of ZnO based 

particles using ball milling technique resulted in a drastic reduction in the average size of the 

crystals without any induced FM. In addition, Sanyal et al reported that the ball mill processed 

ZnO did not show FM despite the creation of Zn vacancy during the ball milling process. On 

the other hand, Potzger et al reported an easy mechanical way to create FM defective ZnO and 

correlated to flake like structures in planar compressed pieces of the powder. Xing et al 

suggested that the oxygen vacancies induce characteristic photoluminescence and boost the 

room temperature FM in ZnO nanowires. Banerjee et al reported the enhancement of FM in 

pure ZnO powder upon thermal annealing due to the formation of oxygen vacancy clusters. 

Very recently, Phan et al and Ghose et al proposed that mechanical milling can be used to 

produce defect-related FM in ZnO nanoparticles. These studies revealed that the development 

of FM in un-doped ZnO was attributed to the defect density of either oxygen or Zn.  

The other metal-oxide having many industrial uses as DMS, photocatalyst and strong 

stability in UV light is a Titanium dioxide (TiO2), a non-toxic oxide semiconductor. TiO2 has 

drawn wide attention over the years because of its interesting optical, photocatalytic, electronic 

and magnetic properties. The anatase phase has been used for photocatalyst of photo-
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decomposition and solar energy conversion because of its high photoactivity. In addition, there 

are controversial results among different research groups in studying the magnetic properties 

of TiO2 nanoparticles. Pandey et al argued that oxygen vacancies lead to electron doping in 

TiO2 system, but does not induce appreciable FM using ab-initio electronic structure 

calculation. Hoa et al reported enhanced FM in un-doped TiO2 nanowire as compared to Ni 

doped TiO2 nanowire.  

A careful literature noticeably reveals that the observed magnetic properties in DMS 

materials are critically dependent on fabrication methods, growth conditions, doping agents 

and the form of the materials. Several preparation methods such as chemical process, 

hydrothermal technique, sonochemical and microwave, vapor transport method, sputtering, 

pulsed laser deposition, etc., were used to prepare these metal-oxide materials. Most of the 

reported investigations are bottom to top approach on selected size of the particles, which 

reveal that the resulting magnetic properties in these oxide materials are complex due to the 

interplay between finite size, surface effects and interface effects, etc. On the other hand, the 

approach of top to bottom method for studying the magnetic properties of pure NiO, ZnO and 

TiO2 powders without any impurity phases is still limited and/or missing. This motivated us to 

adopt an alternative and inexpensive technique called ball milling process using a high-energy 

planetary ball mill under dry milling conditions in an argon atmosphere to prepare nanoscale 

NiO, ZnO and TiO2 powders. The ball milling process is a solid state method in which the 

materials undergo repeated cold welding and fracturing. This produces final materials in 

powder form with nanosized crystals, which can be tailored in various shapes and dimensions 

by compacting and giving proper heat treatment for availing commercially.  

Therefore, this thesis work aims (i) to understand the evolution of crystal structure, 

nanocrystalline microstructure and resulting vibrational, electronic, magnetic, resonance 

properties and optical properties as a function of milling time in milled NiO, ZnO and TiO2 

powders prepared using a high-energy planetary ball mill under dry milling conditions in an 

argon atmosphere, (ii) to study the effect of annealing at different temperatures and to 

understand the origin of room temperature FM in these nanocrystalline powders and (iii) to 

investigate the correlation between structural and other resulting properties of these ball milled 

powders and to explore the possibility to enhance their magnetic properties. In addition, the 

physical properties of NiO nanoparticles prepared by sol-gel method with different molar 

concentrations and annealed at different annealing temperatures are reported for comparative 

study. 
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Chapter 1 presents a brief introduction to the content of the thesis along with a detailed 

review of the literature relevant to the present thesis work. The motivations and objectives of 

the thesis work are also explained in this chapter. In Chapter 2, the crystal structures, 

understanding of various types of defects, intrinsic and extrinsic origin of FM in NiO, ZnO and 

TiO2 and optical properties are discussed. In addition, the fundamental aspects of magnetism 

and various theoretical methods employed in the analysis of the data of the presently 

investigated samples are summarized. Chapter 3 describes the experimental methods including 

the sample preparation methodologies used in the present study. The basic principle and theory 

behind the experiments, the experimental set up and measurement/methodology used for the 

determination of the physical properties are also briefly discussed here. 

In Chapter 4, the effects of milling time period on the evolution of nanocrystalline 

microstructure and the resulting vibrational, electronic, magnetic, resonance and optical 

properties of NiO powders prepared by ball milling process are reported. Structural properties 

reveal the formation of single phase face centered cubic (fcc) nanosized NiO powders without 

any impurities within the detection limit of the techniques utilized. The average crystal size 

decreases and effective strain increases rapidly for the initial period of milling up to 10 hrs. 

NiO powders milled more than 10 hrs exhibit fine nanosized crystals with the size of around 

11 nm. The strain decreases slightly for NiO powders milled above 20 hrs. Lattice volume 

decreases almost linearly with decreasing inverse of crystal size. Vibrational properties 

characterized by Raman study show the disappearance of two-magnon (2M) band 

immediately, broadening and enhancement of one-phonon (1P) longitudinal optical (LO) band 

and decrease of two-phonon (2P) LO and 2P TO vibration frequency with decreasing NiO 

crystal size. The color of the NiO powder changes from the pale green for pure NiO to dark 

green for milled NiO powders. This can be attributed to the existence of non-stoichiometry in 

the milled NiO powders, caused by the defects, size reduction, oxidization of Ni2+ to Ni3+ due 

to breaking of Ni2+-O2--Ni2+ super-exchange interaction, as evidenced clearly from X-ray 

photoelectron spectroscopy (XPS) spectra. The pure NiO powder exhibits AFM nature, which 

transforms into FM gradually at room temperature. The magnitude of induced FM in milled 

NiO powders depends on the milling time period. A maximum magnetization of 1.08 emu/g at 

12 kOe applied field and a coercivity of about 160 Oe are obtained at room temperature for 30 

hrs milled NiO powder. The exchange bias decreases almost linearly with decreasing crystal 

size. Annealing of as-milled NiO powders (i) results in a large reduction in magnetization, but 

the rate of reduction strongly depends on the milling conditions and (ii) confirms the origin of 

FM as intrinsic one. Temperature dependent magnetization (M-T) measurements in the low 
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temperature range between 4 K and 300 K exhibit two peaks corresponding to freezing of 

surface spin and spin glass like phase. The presence of spin glass like phase verified through 

de Almedia-Thouless (AT) line plot provides additional anisotropy and enhances exchange 

bias under field-cooling condition. High temperature M-T measurements show the presence of 

mixed magnetic phases for the initial period of milling and on-set of FM behavior with a well-

defined magnetic phase transition (TC) at around 780 K. Electron paramagnetic resonance 

(EPR) study discloses a close correlation between the EPR results and magnetic properties. 

Photoluminescence (PL) study shows blue-shifting of band edge emission peak, which 

confirms the finite size effect in milled NiO powders. These nanoscale NiO powders with cubic 

structure, moderate magnetization at room temperature and high TC would be useful for 

spintronic devices. 

In Chapter 5, we report systematic investigations on the evolution of nanostructured ZnO, 

room temperature FM and temperature dependent magnetic properties, and tunable vibrational, 

electronic and optical properties of ZnO powders undergone size reduction by ball milling 

process. Structural studies reveal that both un-milled and as-milled ZnO powders exhibit single 

phase hexagonal wurtzite structure without any detectable impurities. The average crystallite 

size decreases and the effective strain increases for the initial periods of milling and then both 

saturate at higher milling periods. Vibrational properties show that bulk ZnO yields six Raman-

active modes including two B1 silent modes. Upon milling, the development of E1(LO) 

vibration mode attributed to defects due to oxygen vacancies and/or Zn interstitials in ZnO 

powders has been observed. XPS spectra of bulk ZnO powder exhibit two strong peaks 

centered around 1022 and 1045 eV, which are in agreement with the binding energies of Zn 

2p3/2 and Zn 2p1/2, respectively, with a spin-orbital-splitting of 23 eV. This confirms that Zn is 

present as Zn2+. In addition, the O 1s spectrum exhibits a broad asymmetric feature indicating 

the presence of multi-component oxygen species: (i) low binding energy peak at 530.3 eV due 

to O2− ions on the wurtzite structure of the hexagonal Zn2+ ion array, which are surrounded by 

zinc atoms with their full complement of nearest-neighbor O2− ions, (ii) intermediate binding 

energy peak at 531.5 eV associated with O2− ions that are in oxygen deficient regions within 

the matrix of ZnO and higher binding energy peak at 532.7 eV due to absorbed H2O or O2 

molecules on the surface. With increasing milling time, the peaks at 531.5 eV and 532.7 eV 

increase at the expense of the peak at 530.3 eV, indicating the increase in oxygen vacancies 

with milling. Paramagnetic (PM) nature observed in un-milled ZnO gradually unveils room 

temperature FM with modest magnetization and coercivity. A maximum magnetization of 0.92 

emu/g at 12 kOe applied field and a coercivity of 172 Oe were obtained for 40 hrs milled ZnO 
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powder. Annealing of the as-milled ZnO powders displays a drastic reduction in room 

temperature magnetization signifying the observed FM properties as intrinsic one. High 

temperature M-T data show a clear magnetic phase transition from FM to PM state around 500 

°C, which shifts slightly towards higher temperature with increasing milling period up to 20 

hrs. EPR study shows that FM order increases with increasing milling time due to the increase 

in oxygen and zinc vacancies. A close correlation between EPR results and magnetic properties 

has been observed. The optical studies reveal a blue-shifting of excitonic absorption peak with 

crystal size reduction. This results in an increase in band gap with size reduction in milled ZnO 

powders. These ZnO powders with tunable magnetic and optical properties are promising to 

find applications in multifunctional spintronic and photonic devices. 

Chapter 6 discusses the evolution of nanocrystalline microstructure and the resulting 

vibrational, electronic, magnetic, resonance and optical properties of TiO2 powders prepared 

by ball milling process as a function of milling period. Structural studies show that with 

increasing milling time, peak broadening in XRD peaks along with the development of new 

phases corresponding to oxygen deficient TiO2-δ and rutile phases occurs. Vibrational studies 

support the formation of news phases with increasing milling period. XPS spectra of pure TiO2 

powder show that in Ti 2p spectra, two peaks centered around binding energy of 459 and 

465 eV, assignable to 2p3/2 and 2p1/2, respectively, of Ti4+ in TiO2. This suggests the identical 

chemical state of Ti atoms in pure TiO2. However, with increasing milling period, a significant 

Ti3+ signals could be observed in Ti 2p spectra providing the evidence of oxygen vacancies in 

the milled powders. In addition, O 1s signal of milled powders depicts three contributions at 

530.7, 532.9 and 534.3 eV after peak modeling. The main peak at 530.7 eV could be ascribed 

to lattice oxygen in TiO2, while the signal at 532.9 eV could be associated to surface hydroxyl 

groups. The calculated spectrum exhibits additional feature at 534.3 eV arising from the O 

atom of the water molecule. Paramagnetic nature observed in pure anatase phase of TiO2 

transforms into induced FM with crystal size reduction. A maximum magnetization of 0.16 

emu/g is obtained for 60 hrs milled TiO2 powder. EPR study show that the nature of EPR 

signals changes with milling time due to the increase in oxygen and Ti vacancies and exhibit 

a good agreement with magnetic properties. Optical studies reveal two major peaks around 395 

nm and 470 nm due to band-to-band direct transitions in pure TiO2 powders. Upon milling, 

additional peaks are observed due to surface recombination, oxygen vacancies and surface 

defects. The lattice strain and defects reduce the bandgap slightly. 
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In Chapter 7, we report the structural, vibrational, optical, magnetic and resonance 

properties of the NiO nanoparticles prepared by sol-gel method with different molar 

concentrations and annealed at different temperatures. NiO nanoparticles have single phase fcc 

structure with negligible strain and without any detectable impurity phases, but the average 

crystallite size increases and lattice constant decreases with increasing annealing temperature. 

The shape of NiO particles changes from spherical to non-spherical in nature with increasing 

annealing temperature. Vibrational properties exhibit a new Raman band at 500 cm-1 associated 

with magnetic origin induced by strong phonon-magnon interaction. This peak shows red-shift 

with increasing molar concentration for the samples annealed at 350 °C. The presence of 2M 

mode was not observed in the presently investigated samples. The optical properties exhibit a 

strong UV emission around 350 nm, which depicts blue-shift for NiO nanoparticles as 

compared to bulk. Low temperature M-T curves in 350 °C annealed samples display peaks in 

ZFC curves, which shift to lower temperature with increasing applied magnetic fields. The 

existence of spin glass like phase due to freezing of the uncompensated surface spins has been 

verified through AT line plot. The presence of spin glass like phase provides additional 

anisotropy between the freezing surface spins and the compensated spins at the core under field 

cooling condition, which results in a larger exchange bias variation at lower temperatures. 

However, the samples annealed at 500 °C with molar concentration more than 0.1 M neither 

show spin glass nor exhibit large exchange bias. A well-defined magnetic phase transition due 

to induced FM nature is observed at high temperature around 610 K, but the phase transition 

temperature increases slightly from 610 K to 618 K with increasing molar concentration up to 

0.3 M. EPR results are in good agreement with the observed magnetic properties. The observed 

results make these nanoparticles as an excellent model system not only for the better 

understanding of various properties but also to enhance the magnetic surface contribution in 

nanostructured system. 

The above results have been used to understand the evolution of nanocrystalline 

microstructure with fine crystallites of NiO, ZnO and TiO2 and the resulting vibrational, 

electronic, magnetic, resonance and optical properties on the basis of milling time period and 

annealing conditions in shaping the properties of milled nanocrystalline metal-oxide powders. 

Furthermore, the conclusions have been drawn on the basis of finite size effect, defect density 

and oxidation/reduction and uncompensated spins at the surfaces. Chapter 8 provides a 

summary of the results obtained in the thesis and suggests possible directions of future work. 
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1.1. Introduction 

Spintronics is a rapidly growing field of research in multidisciplinary level and intensified 

by a strong synergy between breakthroughs in basic science and industrial applications in the 

fields of magnetic recording, nonvolatile memories, magnetic field sensors, semiconductor 

spintronics, etc [SATO2015, XUY2015, BAND2016, SCHA2016]. Spintronics, also termed 

as spin electronics, at the interface between magnetism and electronics, exploits both intrinsic 

spin of the electron and its associated magnetic moment in addition to its fundamental 

electronic charge. Hence, the operation principle of spintronic devices is based on completely 

different physical phenomena as compared to their charge-based counterparts. The addition of 

the spin degree of freedom to the conventional electronic devices has several advantages like 

non-volatile, increased data processing speed, decreased electric power consumption and 

increased integration densities. A proposed technology tree for spin-based devices is shown in 

Figure 1.01 [PEAR2003]. 

 
Figure 1.01: Technology tree for spin-based devices and their potential applications 

[PEAR2003]. 

 

Particularly, in the area of semiconductor spintronics, the realization of materials that 

combine semiconducting behavior with robust magnetism has long been a dream of material 
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physics. One of the precondition for semiconductor spintronics is the use of ferromagnetic 

semiconductors (FMSC) with large Curie temperature (TC) above room temperature 

[JUND2006]. Since the magnetic properties of FMSCs are a function of carrier concentration 

in the material in many cases, then it will be possible to have electrically or optically-controlled 

magnetism through field-gating of transistor structures or optical excitation to alter the carrier 

density. Such novel control of magnetism has already been realized electronically and optically 

in different FMSCs [OHNO2000, OIWA2002, PARK2002]. The current interest in FMSCs 

can be traced to difficulties in injecting spins from a ferromagnetic (FM) metal into a 

semiconductor [BAND2016] due to the dissimilar materials properties of a metal and 

semiconductor. Therefore, an efficient spin injection in the diffusive transport regime is 

difficult unless the magnetic material is nearly 100 % spin-polarized, i.e., half-metallic 

[RASH2000]. Although there have been recent reports of successful and efficient spin injection 

from a metal to a semiconductor by ballistic transport at room temperature [TSYM2016], the 

realization of functional spintronic devices requires materials with ferromagnetic ordering at 

operational temperatures compatible with existing semiconductor materials. Thus, the topic of 

diluted magnetic semiconductors (DMS) has received extensive interest.  

 
Figure 1.02: TC values for 5 % Mn doped compound semiconductors [DIET2000]. 

 

The spintronics based on DMS provides a new technology that transforms reading and 

writing information for many uses by spin rather than by typical electronic charge [DIET2000, 
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LIUC2005]. In addition, DMS of nanocrystalline oxides are especially attractive due to their 

unique properties and find applications in catalysis, sensor, optoelectronic devices, etc 

[OHNO1998, DIET2000, MATS2001, UEDA2001, RODE2003, SHAR2003, SHIN2003, 

WUJB2003, COEY2004, RAMC2004, SHIN2004, LINY20061]. Therefore, DMS materials 

are considered as one of the new kind of materials for spintronic applications, especially those 

materials exhibiting high TC above room temperature. Figure 1.02 displays the computed 

values of TC using theoretical model for various semiconductors containing 5 % of Mn and 

3.5×1020 holes per cm3 [DIET2000]. It is clear from the figure that the compounds GaN-Mn 

exhibit room temperature FM with TC of nearly 6 % larger than the one predicted for ZnO 

having wurtzite structure. This resulted in extensive studies on high TC FM DMS materials 

including NiO, ZnO [RODE2003, SHAR2003, SCHW20041], TiO2 [MATS2001, SHIN2003, 

SHIN2004], SnO2 [OGAL2003], ZnTe [SAIT2003], In2O3 [HEJ2005], Cu2O [WEIM2005], 

etc., after the discovery of the room temperature FM in Co doped TiO2 [MATS2001]. In 

addition, the effect of doping using selective elements such as Mn [SHAR2003], Co 

[SHAR2003, SCHW20041], Ni [RADO2003] and V [SAEK2001] in metal-oxide has been 

studied to induce FM beyond room temperature.  

 
Figure 1.03: Predicted TC as a function of bandgap (after [DIET2000]) along with some 

experimentally reported values in the literature [PEAR2003]. 
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However, the exact contributions of various factors to the FM properties in these systems 

are still debatable. In order to find a correlation between FM and semiconducting properties, 

compilation of predicted TC using mean-field approximation [PEAR2003] for different 

semiconducting materials as a function of bandgap is displayed in Figure 1.03. To support the 

prediction, some of the experimentally reported values in the literature are also displayed in 

Figure 1.03. It is clear from the figure that the materials such as GaMn and GaMnN, GaCrN, 

exhibit TC above room temperature. Interestingly, the oxide based material (ZnO) also shows 

TC above room temperature with large bandgap. But, the practical applications of these oxide 

materials are strongly challenged by its low reproducibility of room temperature FM and 

controversial observations concerning over the origin of FM in DMS materials. Nevertheless, 

Sundaresan et al proposed that FM behavior in nanoparticles of non-magnetic oxides is a 

universal feature and confined to the surface of the nanoparticles [SUND2006, SUND2009]. 

 

1.2. Motivation behind the work with historical perspective from the literature 

With the recent interests in the development of various spintronic devices based on the DMS 

materials, it is very much important to study the properties of oxide materials that are 

commonly used in such applications. Therefore, the study of fine nanocrystalline metal-oxide 

particles has become a subject of increasing interest and intense research in the myriad of 

different fields such as catalysis, batteries, supercapacitors, magnetic resonance imaging 

contrast agents, targeted drug delivery, sensors, energy conversion, electrochromics, etc. These 

nanoparticles lie between clusters whose properties are strongly dependent on its size and 

submicron sized particles which have almost the properties same as bulk materials. In 

particular, the study of magnetism and magnetic interactions in various types of metal-oxide 

materials, as listed in Table 1.01, has generated much attention due to size and/or defect 

induced magnetic properties and their potential applications in biomedical, magnetoelectronic 

device, catalysis, spintronics, etc.  

 

Table 1.01: Room temperature FM NiO, ZnO and TiO2 with different preparation methods. 

Materials Processing HC (Oe) MS References 

NiO nanoparticles Chemical method 100 

(5.3 nm) 

--- [MAKH1997] 

NiO nanoparticles Ball milling 259 

(7-3 nm) 

0.06 emu/g [MISH2004] 
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Ni doped ZnO 

Thin film 

Sputtering 100 0.11 μB [SCHW20042] 

CuO nanoparticles Sol-gel 200 

(13-17 nm) 

10 emu/mol [RAOG2005] 

NiO nanorods Sol-gel method 620 at 5 K 

(5 nm) 

--- [SEEH2005] 

Fe doped NiO 

nanoparticles 

Chemical method 30 

(100-200 nm) 

0.38 μB/Fe [WANG20051]

NiO nanoparticles Chemical method 933 

(24-50 nm) 

--- [LIL2006] 

Li and Fe doped 

NiO Thin film 

Sputtering --- 16 emu/cc [LINY20062] 

Ni doped TiO2 Ball milling 40-60 

(20-50 nm) 

0.008 emu/g [UHMY2006] 

Co doped ZnO Solid state reaction 200-350 0.04 μB/Co [ZHUT2006] 

Ni and Ni-NiO 

nanoclusters 

Cluster beam 

deposition 

562 

(2-5 nm) 

0.9 emu/g [ZHOU2007] 

Fe doped NiO 

nanoparticles 

Co-precipitation 

method 

110-350 

(15-60 nm) 

0.2 emu/g [HEJH2008] 

NiO doped on 

Fe2O3 

Mechanical alloying 600 at 200 K 

(10 nm) 

10-30 emu/g 

at 5 K 

[LIUX20081] 

Fe doped NiO 

nanorods 

Hydrothermal 

method 

614 

(50-100 nm) 

0.6 emu/g [MANN2008] 

Mn doped ZnO 

nanorods 

Chemical vapor 

deposition 

50 

(150 nm) 

0.39 μB/Mn [YANH2008] 

Fe and Li doped 

NiO Thin film 

Pulse laser 

deposition 

--- 

(80-100 nm) 

0.67 μB/Fe [YANW2008] 

C doped ZnO 

nanoneedles 

Cathodic vacuum 

arc technique 

30 

(600 nm) 

2.16 emu/cc [HERN2009] 

NiO nanoparticles Sol gel 40 

(7-30 nm) 

--- [JAGO2009] 

Ni(OH)2 

nanoparticles 

Sol-gel method 200-500 

(2-5 μm) 

20-50 emu/g 

T < 300 K 

[LIUX2010] 
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NiO nanoparticles Co-precipitation 

method 

250 

(5.8 nm) 

1.5 emu/g [MENE2010] 

NiO nanoparticles Precipitation method 130-770 

(16-25 nm) 

0.04 emu/g [KART2011] 

Fe doped NiO 

nanoparticles 

Sol-gel method 372 

(18-98 nm) 

5.32 emu/g [KHEM2011] 

NiO & (Ni, Zn)O 

nanoparticles 

Chemical method --- 

(8-30 nm) 

1-3 emu/g  

T < 300 K 

[PECK2011] 

CuO nanoparticles Ball milling 90-2360 

T < 300 K  

(24-76 nm) 

0.08 emu/g [BIAN2012] 

NiO nanoparticles Thermal 

decomposition 

433 at 5 K 

(3.5-12 nm) 

12 emu/g [DUAN2012] 

NiO nanoparticle Hydrothermal 

method 

--- 

(300-500 nm) 

12.5 emu/g [KHAI2012] 

Li and Fe doped 

NiO nanofibers 

Electrospining 

method 

--- 

(30-50 nm) 

0.7 emu/g [LUOY2012] 

 

There has been a profusion of recent work on the magnetic properties of nanosized 

antiferromagnetic (AFM) particles and most of the reports demonstrate the existence of FM 

moment on the nanoparticles [KHAD2003, BHOW2004]. This was mainly instigated from 

Néel’s suggestion that fine nanoparticles of AFM nature should exhibit either a weak FM or 

superparamagnetism (SPM) [NEEL1962]. Richardson et al [RICH1956] reported the first 

investigation on size dependent properties of NiO system. Subsequently, the effect of particle 

size dependent magnetic properties [KODA1997, TIWA2005, THOT2007, MAKH2008] and 

the competition between finite sizes versus surface effects [MAND2011] on the room 

temperature magnetic crossover of NiO, prepared by chemical process [WINK2005, LIL2006, 

THOT2007, COPP2013, ALSE2014, ROYA2014], pulse laser deposition [HONG2006], 

sputtering [LUOX2015] and hydrothermal [WANG20052, WANG2011] techniques, were 

reported. Sundaresan et al proposed that FM behavior in nanoparticles of non-magnetic oxides 

is a universal feature [SUND2006, SUND2009]. Out of these studies, a common theory put 

forward to discuss the unusual FM properties is a form of core-shell model, where the core 

spins are antiferromagnetically aligned and the shell spins give rise to FM moment 
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[TIWA2005, JAGO2009]. In addition, several other models such as two-sublattice model and 

multi-sublattice model were also proposed to account for the observation of large moment in 

NiO nanoparticles [KODA1997]. Some theoretical calculation and experimental data have 

shown that NiO nanoparticles ranging from 1 to 50 nm can have both AFM and FM couplings 

[YIJB2007]. Furthermore, there exists controversial reports on the nature of the temperature 

dependent magnetic properties. Makhlouf et al [MAKH2008] reported that exchange bias 

obtained under zero-field-cooled (ZFC) and field-cooled (FC) conditions for different sized 

particles decreases and the magnetization increases rapidly below 30 nm. The nature of 

temperature dependent coercivity, HC(T), is strongly dependent on the particle size and varies 

from linear to non-linear behavior with decreasing particle size. Proenca et al [PROE2011] 

shown that effective magnetic anisotropy increases with decreasing NiO particle size and 

number of uncompensated spins per nanoparticles was found to be proportional to ns1/3 (ns is 

total number of spins). Similarly, Duan et al [DUAN2012] reported that larger saturation 

magnetization and HC in fine NiO nanoparticles are mainly resulting in from surface spins and 

explained using core-shell model. While Ghosh et al [GHOS2006] reported that spin freezing 

temperature increases from 10 to 15 K with increasing particle size of NiO from 3 to 7 nm, 

respectively, Winkler et al [WINK2008] showed larger spin freezing temperature of 17 K for 

3 nm particles. On the other hand, Proenca et al [PROE2011] and Duan et al [DUAN2012] 

reported SPM properties at room temperature. Similarly, Duan et al [DUAN2012] and Rinaldi-

Montes et al [RINA2014] reported the existence of two peaks in ZFC curves corresponding to 

two blocking processes, while Tiwari et al [TIWA2005] observed only the signature of spin 

glass freezing, which decreases with increasing particle size, but no low temperature freezing 

or blocking was observed. The above literature reports clearly reveal that the results from 

different groups are inconsistent and difficult to compare due to the differences in the defects 

and surface effects of the studied particles prepared by different preparation techniques. 

Furthermore, the resulting magnetic properties of NiO particles are very complex due to 

temperature dependent interplay between finite size core effects, surface effects, interface 

effects and defects or oxygen vacancies. 

Similarly, wide band gap DMS have gained enormous attention recently as a promising 

route to realize semiconductor based spintronics [DIET2000, PEAR2003]. Sharma et al 

reported the first experimental evidence of showing room temperature FM in Mn doped ZnO 

[SHAR2003]. The recent studies on ZnO system revealed realization of room temperature FM 

in either pure nanostructured ZnO without transition metal doping or ZnO doped with non-

magnetic ions such as C and K [HONG2007, AKBA2011, GHOS2011]. However, a careful 
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analysis of the literature reveals contradictory results on the development of room temperature 

FM in pure ZnO system. Bartolomé et al [BART2007] showed that the preparation of ZnO 

based particles using ball milling technique resulted in a drastic reduction in the average size 

of the crystals without any induced FM. Similarly, Sanyal et al [SANY2008] reported that the 

ball milling processed ZnO did not show FM despite the creation of Zn vacancy during the ball 

milling process. On the other hand, Potzger et al [POTZ2008] reported an easy mechanical way 

to create FM defective ZnO and correlated to flake like structures in planar compressed pieces 

of the powder. Xing et al [XING2010] suggested that the oxygen vacancies induce 

characteristic photoluminescence and boost the room temperature FM in ZnO nanowires 

synthesized using vapor transport method. Banerjee et al [BANE2007] reported the 

enhancement of FM in pure ZnO powder upon thermal annealing due to the formation of 

oxygen vacancy clusters. Podila et al [PODI2010] reported the formation of room temperature 

FM in ZnO films depending on the sample preparation and annealing conditions. The 

observation of FM was also supported with ab-initio calculations exploring the role of surface 

defects on the magnetic behavior of nanoscale ZnO. Very recently, Phan et al [PHAN2013] 

and Ghose et al [GHOS2013] proposed that mechanical milling can be used to produce defect-

related FM in ZnO nanoparticles. These studies revealed that the development of FM in un-

doped ZnO was attributed to the defect density of either oxygen or Zn. However, there are no 

detailed reports summarizing the stability of FM above room temperature in ZnO nanoparticles 

and the size effect on the development of room temperature FM. Furthermore, ZnO is an 

optically transparent II-VI semiconductor, electro-optical and well known piezoelectric 

material with hexagonal wurtzite structure. It exhibits wide band gap (3.27 – 3.42 eV) and 

expected to show possible size dependent properties. 

The other metal-oxide having many industrial uses as DMS, photocatalyst and strong 

stability in UV light is a Titanium dioxide (TiO2), a non-toxic oxide semiconductor 

[MATS2001, SHIN2003, HONG2004, KIMD2004, SHIN2004]. TiO2, especially in bulk or 

thin film form, has drawn wide attention over the years because of its interesting optical, 

photocatalytic, electronic and magnetic properties [KHAT2012, BARA2016]. The anatase 

phase has been used for photocatalyst of photo-decomposition and solar energy conversion 

because of its high photoactivity [ZHOU1996, PIER2003]. However, there are controversial 

results among different research groups in studying the magnetic properties of TiO2 

nanoparticles. Some reports suggested that segregation and the formation of transition metal 

clusters are the origin of FM signal [KIMJ2003, XUJ2010], while other reports hinted as 

intrinsic nature of FM mediated by carriers or defects [GRIF2008, MOHA2012]. Pandey et al 
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[PAND2011] argued that oxygen vacancies lead to electron doping in TiO2 system, but does 

not induce appreciable FM using ab-initio electronic structure calculation. Hoa et al 

[HOAN2013] reported enhanced FM in un-doped TiO2 nanowire as compared to Ni doped 

TiO2 nanowire. Theoretical and experimental evidences showed that the magnetic ordering of 

un-doped TiO2 is strongly related to oxygen vacancy [HONG2006, RUMA2007, KIMD2009, 

SUND2009, LIH2012, MOHA2012] and thus it was thought to be the source of room 

temperature FM in un-doped semiconducting oxides. However, there are no detailed reports 

summarizing the size effect on the development of room temperature FM in TiO2. 

The above literature noticeably reveals that the observed magnetic properties in DMS 

materials are critically dependent on fabrication methods, growth conditions, doping agents 

and the form of the materials. Several preparation methods such as chemical process, 

hydrothermal technique, sonochemical and microwave, vapor transport method, sputtering, 

pulsed laser deposition, etc., were used to prepare these metal-oxide materials. Most of the 

reported investigations are bottom to top approach on selected size of the particles, which 

reveal that the resulting magnetic properties in these oxide materials are complex due to the 

interplay between finite size, surface effects and interface effects, etc. On the other hand, the 

approach of top to bottom method for studying the magnetic properties of pure NiO, ZnO and 

TiO2 powders without any impurity phases is still limited and/or missing. This motivated us to 

adopt an alternative and inexpensive technique called ball milling process using a high-energy 

planetary ball mill under dry milling conditions in an argon atmosphere to prepare nanoscale 

NiO, ZnO and TiO2 powders. The ball milling process is a solid state method [SURY2001, 

KOCH2006] in which the materials undergo repeated cold welding and fracturing. This 

produces final materials in powder form with nanosized crystals, which can be tailored in 

various shapes and dimensions by compacting and giving proper heat treatment for availing 

commercially. Also, the reports on magnetic materials demonstrated that TC can be enhanced 

moderately by introducing stress through ball milling process [GORR2009]. 

 

1.3. Objective of the thesis work 

 To prepare nanocrystalline powders of pure NiO, ZnO and TiO2 by ball milling 

process in a planetary ball mill under dry milling conditions and at argon gas 

atmosphere with different milling time periods (tm = 0 - 60 hrs). 

 To understand the evolution of crystal structure and nanocrystalline microstructure in 

pure NiO, ZnO and TiO2 powders as a function of milling time periods. 
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 To study the resulting vibrational, electronic, magnetic, resonance properties and 

optical properties of pure and milled NiO, ZnO and TiO2 powders as a function of 

milling time periods. 

 To investigate the effect of annealing on the modification of microstructure and to 

study the origin of induced ferromagnetism in NiO, ZnO and TiO2 powders. 

 To study temperature (at low/high temperatures) and field dependent magnetic 

properties of as-prepared and annealed powders. 

 To analyze the correlation between the structural, microstructure and physical 

properties of nanocrystalline powders both in the as-prepared and annealed 

conditions. 

 For comparative study, NiO nanoparticles are prepared by sol-gel method with 

different molar concentrations and annealed at different annealing temperatures, and 

studied structural, vibrational, optical, magnetic and resonance properties. 
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2.1. Introduction 

Magnetism is a physical phenomenon known for thousands of years by which materials shows 

an attractive or repulsive force. The history of magnetism is coeval with the history of science. 

However, the underlying principles and mechanisms that explain the magnetic properties of 

the materials are still complex and mysterious. It is well-known that most of the modern 

technological devices such as electrical power generator, transformer, electric motor, sensor, 

computer, and components of sound and video reproduction system rely on magnetism and 

magnetic materials. Hence, during last few decades, extensive studies on various types of 

magnetic materials have been carried out from both fundamental and application points of 

views. Recently, the tendency of miniaturization of electronic devices has created a demand 

for the search of new materials such as thin films and dilute magnetic semiconductors (DMS) 

and their production by different simple and inexpensive synthesis methods. In particular, the 

development of DMS exhibiting room temperature magnetism with and without additional 

elements doping has received enormous interest in the scientific community due to their dual 

characteristics of semiconductor and ferromagnetism (FM). Such materials facilitate one more 

degree of freedom, i.e., spin polarization of charge carriers, to tune and control electrical 

transport in devices. Therefore, the devices, having such extra degree of freedom, are called 

spintronic devices and they have potential applications in electronic circuit for high speed 

signal processing, low power consumption, magneto-optic device, etc. Hence, over last few 

decades, large number of studies on various nanoparticles, thin films and new DMS material 

have been carried out. In this regard, the understanding of development of magnetic properties 

in new types of materials and optimization of the magnetic properties for different applications 

are very much essential. This chapter provides a brief description of structure of metal-oxide 

materials, the origin of magnetism, different types of magnetism, the phenomenon of FM in 

oxide materials and the various phenomena affecting the ferromagnetic properties of materials 

prepared by different techniques for suitable applications. 

 

2.2. Structural properties 

The crystal structure of various wide band gap oxide materials such as NiO, ZnO and TiO2 

taken in the present investigations are discussed. Other structural effects such as crystal field 

effect and Jahn-Teller distortion are also briefly introduced. 
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Figure 2.01: Schematic representation of collinear arrangement of magnetic (a) cation of NiO, 

(b,c) T1 domains and (d) S1 domain. 

 

2.2.1. Crystal Structure 

Nickel (II) oxide is the chemical compound with the formula NiO. It is an important transition 

metal (TM) oxide and attracted increasing attention owing to potential use in a variety of 

applications such as catalysis [DOOL1994], battery cathodes [YANG1999, HOTO2000], gas 

sensors [MILL1997], electrochromic films [WANG20121] and magnetic materials 

[MAKH1997, ICHI2003]. It adopts the NaCl structure as shown in Figure 2.01(a) with 

octahedral Ni(II) and O2- sites and crystallizes in face structure cubic (fcc) structure (space 

group Fm3hm [225]) with the bulk lattice constant of NiO at 0 K is (a = ) 4.1705 Å. The simple 

NiO structure is known as the rock salt structure exhibiting green color when the Ni and O ratio 

is stoichiometrically correct. NiO is type II antiferromagnetic (AFM) and the magnetic unit 

cell is found to be close to cubic with a doubled lattice parameter in order to accommodate the 

AFM spin arrangement as shown in Figure 2.01(b). In fact, the spins were found to be parallel 

on cubic (111) planes, but antiparallel on neighboring (111) planes. The relative orientation of 
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the spins with respect to each other is determined by exchange interactions. The main factor 

responsible for this particular AFM arrangement is the 180° super-exchange interaction. 

Assuming a collinear spin structure, a trigonal distortion restricts the number of possible spin 

structures to the four experimentally observed T-domains. These are characterized by AFM 

domains (T domains), in which the moments form FM foils parallel to one of the four 

equivalent (111) planes of the fcc lattice [KEFF1957, DUOL2010] with the spin aligned in the 

plane of the foil. This type of AFM ordering is further stabilized by a rhombohedral distortion 

in the direction perpendicular to the foils caused by magnetostriction. Inside each (111) foil, 

the spin is driven to align along one of the three equivalent [112ത] directions by sources of 

smaller anisotropy as shown in Figure 2.01(b,c,d). This gives three equivalent so-called S-

domains. With increasing temperature, they transform into paramagnetic (PM) state having 

space group Fm3m above the Néel temperature (TN) of 523 K [ROTH1958]. 

 

 
Figure 2.02: Representation of ZnO crystal structures: (a) Rock salt, (b) Zinc blende and (c) 

Wurtzite. 

 
Figure 2.03: Hexagonal wurtzite structure. 

 

Similarly, the other oxide system as a semiconducting materials received great interest 

among the researchers is zinc oxide (ZnO) due to its interesting prospects in the field of 
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optoelectronic applications owing to its wide and direct bandgap (~3.437 eV at 8 K 

[NAGA2017]. Most of the II-VI binary compound semiconductors crystallize as either zinc 

blende or hexagonal wurtzite structure where each anion is surrounded by four cations or vice 

versa. ZnO crystallizes in three different structures: Wurtzite, Zinc blende and rock salt as 

demonstrated in Figure 2.02. Among these, wurtzite structure is the thermodynamically stable 

phase in ambient conditions, while zinc blende structure is stabilized only by growth on cubic 

structures and rock salt structure can be obtained at high pressure [OZGU2005]. The wurtzite 

structure has a hexagonal unit cell with lattice parameters, a = b = 3.250 Å and c = 5.206 Å 

[ABRA1969]. It belongs to P63mc space group with Zn atoms occupying the (0.667, 0.333, 

0.000) position having a multiplicity factor of 2 and oxygen atom occupying the (0.667, 0.333, 

0.380) site with multiplicity factor 2. Thus, there are two formula units per unit cell as shown 

in Figure 2.03. In both the cases, Zn and O atoms have tetrahedral co-ordination. 

 
Figure 2.04: Schematic representation of different Structure of TiO2 Red ball: O atom, Grey 

ball: Ti atom [DING2014]. 

 

On the other hand, titanium dioxide, also known as titanium (IV) oxide or titania, is the 

naturally occurring oxide of titanium (TiO2), which mainly crystallizes into three different 

forms: rutile, anatase and brookite structures as shown in Figure 2.04. In addition, the pressure 

induced monoclinic baddeleyite and orthorhombic forms like TiO2(B) [see Figure 2.04(d)] are 

found recently at the Ries Crater in Bavaria. The rutile state is found to be the most stable state. 

Upon heating, the anatase and brookite phases are converted into rutile form. The rutile and 

anatase phases belong to the tetragonal crystal structure and brookite structure exhibits 
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orthogonal cell. The rutile phase belongs to the P42/mnm space group with lattice parameters 

a = b = 4.594 Å and c = 2.959 Å and z = 2 [HOWA1991]. The anatase phase belongs to the 

I41/amd space group with lattice parameters a = b = 3.785 Å and c = 9.514 Å and the number 

of formula units per unit cell z = 4 [HOWA1991]. The brookite phase belongs to the Pbca 

space group with z = 8 and a = 5.456 Å, b = 9.182 Å and c = 5.143 Å. TiO2(B) phase belongs 

to space group C2/m with a =12.173 Å, b = 3.732 Å and c = 6.537 Å. 

 
Figure 2.05: The electronic distribution of 3d orbitals. In the cubic crystal field, the fivefold 

degeneracy is lifted to two eg orbitals (݀ଷ௭మି௥మ and ݀௫మି௬మ) and three t2g orbitals (zx, yz and xy) 

[TOKU2000]. 

 

2.2.2. Crystal field effect 

Atoms in a solid with a regular crystal structure are influenced by the electric field of the 

neighboring atoms. Such electric fields are called crystal field [BLUN2003]. Crystal field 

depends upon the local environments such as the nature of atomic co-ordination. The crystal 

field effect on d orbitals can be illustrated by moving a set of negative point charges close to a 

metal ion, owing to the Coulomb repulsion between the d orbital electrons and the surrounding 

charges. The d shell has five orbitals, the first three are called t2g orbitals, namely, ݀௫௬,	݀௬௭ and ݀௭௫ and last two are called eg orbitals namely ݀ଷ௭మି௥మ  and ݀௫మି௬మ. The electronic distributions 

of d orbitals are shown in Figure 2.05. In the absence of crystal field, all the five levels are 
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degenerate. The t2g orbitals point along in between x, y and z axes, but the eg orbitals point 

along the direction of x, y and z axes. In case of surrounding negative charge is spherically 

symmetric, all five d orbitals are equally affected. In practical cases, the surrounding negative 

charge is never spherically distributed, because the charge is associated with specific ions that 

occupy specific positions. The consequence is that each d orbital is affected differently, and 

however a particular d orbital is affected depends upon the geometry of the surrounding point 

charges. This effect is clearly seen in the splitting of the energy levels for the five d orbitals. 

The crystal field effects are summarized in the chart shown in Figure 2.06. Each geometry of 

point charges (linear, square, planar, tetrahedral or octahedral) produces a characteristic 

splitting pattern for the five d orbitals (xy, yz, zx, x2-y2 and z2). 

 
Figure 2.06: Schematic representation splitting of d-orbitals in presence of different anion 

configurations [BASO1964]. 

 

2.2.3. High spin and low spin arrangement 

In the case of octahedral environment as shown in Figure 2.07, the 3d electrons will first fill 

up the t2g level before filling eg. However, the competition between the crystal field energy and 

pairing energy will decide the manner in which each orbital is filled up. In the presence of weak 

crystal field, the electrons filling in the orbitals will take place as per Hund’s rule, i.e., electrons 

will singly occupy in each orbital followed by pairing of electrons with opposite spin in each 

orbital. On the other hand, the presence of strong crystal field, where the crystal field energy 

dominates the Hund’s energy, electrons will doubly occupy in some of the orbitals (t2g or eg) 

before the electrons are filled in the higher energy orbitals. For example, Figure 2.08 shows the 
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electronic arrangement in 3d shell of Co2+ ion under weak and strong crystal field cases. The 

net spin quantum number for the weak field case is found to be S = 3/2, whereas S = 1/2 for the 

strong field case. 

 
Figure 2.07: Schematic representation TM ion in (a) octahedral (b) tetrahedral configurations 

[BASO1964]. 

 
Figure 2.08: Electronic configuration of (left) high-spin (weak field) (right) low-spin (strong 

field) cation 3d7 shell of TM ion. 

 

2.2.4. Orbital quenching 

In general, the effective magnetic moment of an ion is calculated by following the Hund’s rule 

and taking the values of S, L and J. The formula is given by 
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௘௙௙ߤ = ܬ)ܬ஻ඥߤ݃ + 1) (2.01) 

where μeff is the effective magnetic moment per magnetic ion, g is the  Landé g-factor whose 

value is equal to ݃ = 1 + ܬ)ܬ] + 1) + ܵ(ܵ + 1) − ܮ)ܮ + ܬ)ܬ2)/[(1 + 1)) and ܬ = ܮ + ܵ is the 

total angular momentum quantum number. L and S are the orbital and spin angular momentum 

number, respectively. In 3d shell of TM ions, the crystal field interaction is much stronger than 

the spin-orbit coupling interaction and as a result, the system chooses a ground state, such that ܮ = 0. This is called quenching of orbital momentum and it leads to J = S and g = 2. Thus, 

eqn.(2.01) modifies to the following form. ߤ௘௙௙ = ܵ)஻ඥܵߤ2 + 1) (2.02) 

The theoretically calculated μeff values for a few TM ions by considering total angular 

momentum number, J (P1) and independently by taking only spin quantum number S (P2) are 

tabulated in Table 2.01. 

 

Table 2.01. Theoretical effective magnetic moment by considering Hund’s coupling (P1) and 

orbital quenching (P2) along with experimental values for selected TM ions [BLUN2003]. 

Ion Shell S L J=L+S g P1=ࢍඥࡶ)ࡶ + ૚) 
(μB) 

P2=૛ඥࡿ)ࡿ + ૚) 
(μB) 

PExpt. 

(μB) 

Fe2+, Co3+ 3d6 2 2 4 3/2 6.70 4.9 4.82 

Fe3+ 3d5 5/2 0 5/2 2 5.92 5.92 5.82 

Co2+,Ni3+ 3d7 3/2 3 9/2 1.33 6.63 3.87 4.90 

Ni2+ 3d8 1 3 4 5/4 5.59 2.83 3.12 

Zn2+ 3d10 0 0 0  0 0 0 

Ti3+ 3d1 ½ 2 3/2  1.55 1.73 1.70 

 

2.2.5. Jahn-Teller Distortion 

The observed degeneracy in crystal field splitting can be further broken by the lattice distortion. 

For example, in MnO6 octahedral environment, the electrons in the 3d shell of Mn ions are 

under the Coulomb interaction of electrons from the 2p shell of O ions. Since the px, py, pz 

orbitals of O point along x, y and z directions, respectively, there will be overlapping with eg 

orbitals of Mn ions (݀௫మି௬మ, ݀ଷ௭మି௥మ). So, the energy of eg orbitals is raised compared to t2g 

orbitals. 
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Figure 2.09: (a) Overlapping of one of the eg orbitals (݀௫మି௬మ) with p orbital of neighboring O 

in a two dimensional diagram (b) One O of the t2g orbitals with p orbital. (c) The crystal field 

splitting of d shell in octahedral environment and Jahn-Teller distortion leads to a further 

splitting of both t2g and eg states. 

Figure 2.09(a) shows a two dimensional diagram of typical overlapping of one of the eg 

orbitals (݀௫మି௬మ) with p orbitals of neighboring O ions. On the other hand, we can see no such 
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overlapping with a typical t2g orbitals (dxy) as shown in Figure 2.09(b). In view of the above 

crystal field effect, the degeneracy in eg orbitals and t2g orbitals of d-shell are lifted as shown 

in Figure 2.09(c) for octahedral coordination [BLUN2003]. Thus, in addition to the splitting of 

d-orbitals into t2g and eg orbitals due to crystal field, there is further splitting of orbital within 

t2g and eg due to Jahn-Teller (JT) effect. The oxygen ions are surrounded by Mn3+ ions. The 

readjustment of position of oxygen ions in MnO6 octahedra can lead to asymmetry in MnO6 

octahedra. The above lattice symmetry lifts the degeneracy of t2g and eg orbitals. The lifting of 

degeneracy due to orbital-lattice interaction is known as JT distortion. This JT distortion is 

significant for partially filled orbitals, where there is a net energy gain. This distortion leads to 

an increase in elastic energy and decrease in electronic energy such that there is a net reduction 

in energy. Mn3+ ions have one eg electron and decrease in electronic energy such that there is 

a net reduction in energy. Mn3+ ions are JT active, while Mn4+ ions are inactive for JT distortion 

in octahedral environment. Mn3+ ions have one eg electron out of two eg orbitals namely, 

(݀ଷ௭మି௥మ) and (݀௫మି௬మ). The elongation of MnO6 octahedra along z-axis gives rise to reduction 

in (݀ଷ௭మି௥మ) level compared to (݀௫మି௬మ) level. Since there is only one eg electron, which 

occupies the (݀ଷ௭మି௥మ) level, there is reduction in electronic energy. The splitting of eg and t2g 

orbitals due to JT distortion is shown in Figure 2.09(c). On the other hand, Mn4+ ion does not 

have any eg electron, so reduction in electronic energy is not feasible and hence no JT distortion. 

The TM ion un-doped and doped semiconductors are also affected by the JT distortion as 

estimated theoretically in Cr-doped Group II-VI based DMS by Blinowski et al [BLIN1996]. 

The susceptibility data obtained by Brumage et al [BRUM2001] on Cu-doped ZnO samples 

could be explained based on the crystal field effect and by incorporation the JT distortion, 

where the doped Cu was in Cu2+ state with electronic configuration 3d9. 

 

2.3. Defects 

Defect engineered NiO, ZnO and TiO2 nanocrystalline materials have received unprecedented 

attention because intrinsic as well as extrinsic defects in the materials play a very crucial and 

fundamental role in enhancing the materials/device performance. The types, concentration and 

spatial distribution of intrinsic point defects such as vacancies and interstitial atoms influence 

the performance of metal-oxides in gas sensing, electronics, photonics, solar-induced 

photochemistry for fuel production and environmental cleanup, and the realization of room 

temperature FM. In particular, recent studies revealed that physical and chemical properties of 

TiO2, such as light absorption, photocatalytic activity, gas sensing properties, electrical 
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conductivity and magnetic properties etc. can be modulated by the defect/disorder. [LIM2000, 

TIWA2005, HONG2006, JING2006, BANE2007, SANY2008, PODI2010, WANG2011, 

DUAN2012, KISA2012, ACHA2013, CHEN2013, LIUX2013, PANX2013, SUJ2013]. 

Before going into the details of the defects, let us first introduce the types of defects and related 

modification in the properties of NiO, ZnO and TiO2 nanocrystalline materials. Any form of 

deviation from perfect crystal can be treated as a defect. Interestingly, the perfect metal-oxide 

material will not have a clear crystal structures, i.e., even in a single crystal of NiO, ZnO and 

TiO2, one finds point defects (misplaced lattice atoms/ ions, vacancies, foreign atoms/ ions) 

and/ or extended defects such as dislocations. This will affect the band structure of the 

materials, which in-turn changes the properties of the materials. For example, the single crystal 

of cubic NiO, wurtize ZnO and rutile TiO2 shows different colors due to defects. Point defects 

as shown in Figure 2.10 are further classified into native defects and external impurity defects 

(dopants) which can be found either on the lattice (substitutional site) or at the interstitial 

positions. Dislocations are the kind of defects that an extra line of atoms inserted or removed 

in/ from the crystal which does not extend throughout the crystal. 

 
Figure 2.10: Schematic illustration of some simple point defect types in a solid. 

 

2.3.1. Intrinsic defects 

The understanding of defect mechanism is very essential in metal-oxide system to improve the 

gas-sensing performance of the metal-oxide semiconductors. Roberts et al [ROBE1984] 

reported that high binding energy components of O 1s spectra at 531.4 eV and Ni 2p3/2 spectra 

at 856.1 eV obtained from XPS spectra can be correlated with the oxide defect structure. Jang 

et al [JANG2009] reported that nickel vacancy is the dominant point defect, which results in 
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the electrical conductivity of NiO thin films. Similarly, Zhang et al [ZHAN2016] also reported 

that the nickel vacancies are the dominant defect type determining the electrical properties of 

NiO samples. Thus, intrinsic defects alter the lattice parameters in NiO, TiO2 and have some 

effects on the width of the band gap [EKUM2011]. The oxygen interstitial Oi is the O-excess 

defect and is observed as a surface defect, when NiO is heat treated in O-rich environment. 

Vacancies and interstitial atoms are responsible for the occurrence of nonstoichiometric 

compounds. NiO is a good example of a compound with somewhat variable stoichiometry. 

When NiO is prepared at relatively low temperature (1100 K) by partial oxidation of excess 

nickel, its composition is Ni1.0O1.0 exhibiting pale green color and insulating properties. If the 

same substance is treated with excess oxygen at 1500 K, the cation vacancies occur and the 

composition approaches to Ni0.97O1.0 and changes the color of the powder into black with 

semiconducting properties. The deficiency of positive charge that would otherwise accompany 

cation vacancies is compensated by the presence of the appropriate amount of Ni3+. This is 

majorly responsible for the electrical conductivity of non-stoichiometric NiO. If a Ni3+ ion 

exists at some point, an electron from elsewhere in the lattice may jump to it, converting it to 

Ni2+ and simultaneously creating a Ni3+ ion at a new lattice point. By a series of such electron 

jumps, charge can migrate through the crystal and producing properties different than the 

stoichiometric one. 

Similarly, in ZnO materials, Lin et al [LINB2001] and Djurisic et al [DJUR2007] 

identified several oxygen and zinc related intrinsic defects and also some complex defect states 

which were probed by PL spectroscopy. Liu et al [LIUJ2009] demonstrated that PL of the ZnO 

nanowires can be tuned from UV to green by controlling the native defects, either by the gas 

flow during growth process or post–growth annealing in O2. Some reports show that the most 

commonly observed green emission is caused by the presence of Zn vacancy [KOHA2000, 

JANO2007]. In contrast, other groups reported that it is not caused by Zn vacancy, however 

oxygen vacancy is responsible [VANH1996, LINB2001]. Therefore, a systematic generalized 

correlation of the defects and the corresponding emission need to be done for the improvement 

of UV PL intensity. Hence, obtaining highly efficient UV emission from the ZnO 

nanostructures is one of most important issues for optoelectronic applications of ZnO. The 

first–principle calculation on ZnO nanostructures shows the possible formation of six types of 

native point defects in ZnO: oxygen and zinc vacancies (VO and VZn), interstitials (Oi and Zni), 

and antisites (OZn and ZnO) [JANO2009]. The calculation shows that there is also a possibility 

of formation of three types of oxygen vacancy defects according to their charge states namely, 

neutral (VOO), singly ionized (VO+) and doubly ionized (VO++). 
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Figure 2.11: Atomic structure of (a) stoichiometric TiO2, (b) Ti4+, (c) Tiv4-, (d) Oi2- and (e) Ov2+ 

defects. Relaxation directions of neighboring atoms are indicated by arrows [NAPH2006]. 

 

On the other hand, native defects in TiO2 are widely investigated by using density 

functional theory calculations. All the fundamental native defects such as oxygen vacancy 

(OV), O interstitial (Oi), Ti vacancy (TiV), and Ti interstitial (Tii) have low formation energy 

depending upon the O-rich or Ti-rich growth environments and easily appear in non-

stoichiometric TiO2 material [NAPH2006, MORG20101, LEEH2012]. While the antisite 

defects, namely, Ti-antisite and O-antisite, have high formation energies and hence unstable 

[NAPH2006]. Reduced TiO2 with a Ti excess can be accommodated as OV and Tii. Both of 

these defect species are likely to be present in the reduced TiO2 samples with competition 

between defect types determined by synthesis conditions and sample history. If the electronic 

state of the defect (i.e., its charge and distribution) is different from its host TiO2, it will 

introduce energy states in the band gap [gap between valence band (VB) and conduction band 

(CB)]. For example, Morgan et al [MORG20101] reported using GGA+U calculation that the 

oxygen vacancies and Ti interstitial defects give rise to states within the band gap in both 

anatase and rutile TiO2, corresponding to the electrons localized at the Ti3+ centers. Both 

experimental studies and theoretical calculations revealed the presence of defect states within 

the band gap of TiO2 and identified that the band gap is shifted to visible region due to OV and 

Tii defects which is beneficial for visible-light photocatalytic applications [WEND2008, 

FINA2009, MORG20101, LEEH2012, CHEN2013, LIUX2013]. The presence of defects thus 

alters the electronic band structure which influences the operating efficiency of photocatalytic 

and photovoltaic applications. Recently, Liu et al [LIUX2013] reported the enhanced visible-

light photocatalysis in Ti3+ (originated from OV) self-doped TiO2 materials. Moreover, the 

conductive track in the on-state in resistive switching mechanism (resistive switching random 
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access memory device) is believed to be arising from a percolation path of oxygen vacancies 

or similar defects across the thin films of TiO2 material [ACHA2013]. Thus, the behavior of 

extra electron and associated defects is critical to the performance of TiO2 as a catalyst and 

electronics. The crystal lattice distortions are also expected due to the presence of defects. The 

lattice relaxation of anatase TiO2 due to various native defects was reported by Na-Phattalung 

et al [NAPH2006]. The atomic structure of stoichiometric and defective anatase TiO2 is shown 

in Figure 2.11. This indicates that intrinsic defects may also alter the lattice parameters in TiO2, 

which may cause lattice strain and influences band gap [EKUM2011]. The oxygen interstitial 

Oi is the O-excess defect and is observed as a surface defect when TiO2 is heat treated in O-

rich environment. 

 

2.3.2 Extrinsic defects 

Doping is a process of adding small amount of foreign atoms/ions (dopant) into a parent 

material (host matrix) without forming any secondary phases. When a large amount of the 

dopant material is added, there is formation of either different oxides or a secondary phase, 

which may or may not be the mixed oxide, depending on the mutual solubility limit of the two 

components. This can be referred as mixed oxide or cluster formation rather than the doping. 

The distribution of the dopant in the crystals/ grains of the matrix material may be 

homogeneous or heterogeneous. Doping in NiO, ZnO and TiO2 is performed with the aim of 

the enhancing the properties of the parent NiO, ZnO and TiO2 for potential applications. For 

instance, doping causes the band gap narrowing in TiO2 nanostructure by introducing the defect 

states (as either donor or accepter level, depending on dopants) within the band gap. This helps 

to improve the photocatalytic reaction in two ways: (i) decrease the band gap energy (red-shift 

of optical absorption edge), enabling photocatalytic activity under visible light illumination, 

i.e., photocatalyst under sunlight and eliminating the use of UV lamps; (ii) increase the 

quantum efficiency, i.e., increase the number of photons effectively used for the catalyzed 

redox reaction. This can only be done by increasing the lifetime of the separated charge carriers 

(electron and hole) by inducing trap sites. 

 

2.4. Optical band gap 

The electronic band gap of a semiconductor is the energy spacing between its valence band 

maximum and conduction band minimum. In all semiconductors the band gap transition can 

be facilitated with light, i.e., these materials are photo-activated. Upon the illumination of light, 

the electrons are excited from valence band to conduction band and the band gap of a 
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semiconductor results in the resonance absorption of light at a particular wavelength λbg which 

corresponds to at least Ebg. There are two main types of band gap transition in semiconductors, 

i.e., (i) direct band gap and (ii) indirect band gap transition. 

 
Figure 2.12: Direct and indirect transition semiconductors. 

 

2.4.1. Direct band gap transition 

In this case, the transition of the electrons from the bottom of the conduction band to the top of 

the valence band. A semiconductor, in which the bottom of the conduction band and the top of 

the valence band are placed at a common wave vector, k, is the direct transition semiconductor, 

as shown in Figure 2.12. In this transition, the energy and the momentum are conserved. 

Therefore, the phonons do not take part in direct transitions. 

 

2.4.2. Indirect band gap transition 

A semiconductor, in which the bottom of the conduction band and the top of the valence band 

have different k values, is the indirect transition semiconductors. In this case, the electronic 

transition from valance band to conduction band is electrically dipole forbidden and the 

transition is phonon assisted, where both energy and momentum of the created electron-hole 

pair are changed in the transition. Therefore, absorption and emission of light are weaker as 

compared to those of direct band gap semiconductors. 

 

2.4.2.1. Calculation of the band gap 

The dependence of the band gap energy (Ebg) and absorption coefficient (α) of optical 

absorption is given by eqn.(2.03) [BARD1954] ߙℎ߭ = ℎ߭)ܣ −  ௕௚)ఊ (2.03)ܧ

where A is a constant, γ represents the optical transition mode and hυ is the photon energy (in 

eV). In other words, α is always proportional to the difference between the photon energy and 
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the band gap to some exponent γ. γ depends on the optical transition mode whose values are 

listed in Table 2.02. Fitting the experimental absorption data with correct choice of γ reveals 

the band gap and the nature of transition. From the optical absorption spectra, the band gap can 

be calculated by extrapolating the tangent of (ߙℎ߭)ଵ/ଶ versus hυ plot to (ߙℎ߭)ଵ/ଶ = 0 for 

indirect allowed band gap and (ߙℎ߭)ଶ  versus hυ plot to (ߙℎ߭)ଶ = 0 for direct allowed band 

gap. This plot is known as Tauc’s plot [TAUC1966].  

 

Table 2.02: γ values with respect to different optical transition modes for eqn. (2.03). 

γ Transition mode 1 2ൗ  Direct allowed 3 2ൗ  Direct forbidden 2 Indirect allowed 3 Indirect forbidden 

 

2.4.3. Band gap transition 

NiO is a direct wide band gap semiconductor having band gap of ~3.42 eV. ZnO is a II–VI 

group direct wide bandgap semiconductor having bandgap of ~3.37 eV and high excitonic 

binding energy (60 meV) at room temperature. The different phases of TiO2 exhibit different 

nature of band gap transition. According to the experimental results and theoretical 

calculations, rutile TiO2 exhibits both direct and indirect band gap [PASC1978, DAUD1997]. 

Kavan et al [KAVA1996] reported that rutile TiO2 has a direct band gap of 3.0 eV, while Tang 

et al [TANG1994] determined an indirect band gap of 3.0 eV based on their experimental 

results. Most of the experimental studies [TANG1994, KAVA1996] suggested that anatase 

TiO2 has an indirect band gap of 3.2 eV. Welte et al [WELT2008] reported indirect band gap 

of 3.19 and 3.25 eV for anatase TiO2, respectively. The experimental studies on band gap 

energy of brookite TiO2 suggested a band gap ranging between 3.1 and 3.4 eV [STEN2011, 

PAOL2013].  

The band gaps of all the main polymorphs of TiO2 are in UV region of light irrespective 

of the nature of optical transition. The optical absorption properties of TiO2 can be manipulated 

by the defect engineering. The oxygen vacancy and Ti interstitial defect states give rise to 

localized states within the band gap of the TiO2 materials [WEND2008, LIUX2013]. So, the 

light absorption is tuned from UV to visible light by introducing the native defects.  
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Figure 2.13: Schematic representation of the magnetic moment associated with (a) an orbiting 

electron and (b) a spinning electron. 

 

2.5. Magnetic ordering 

2.5.1 Origin of magnetism 

The macroscopic magnetic properties of materials are the consequence of magnetic moments 

associated with individual electrons in an atom [OHAN2000, KITT2004]. Each electron in an 

atom has magnetic moment originating from two different sources: (a) One is orbital motion 

of electron around the nucleus, generating a small magnetic field and having magnetic moment 

along the axis of rotation [see Figure 2.13(a)] and (b) Other magnetic moment originates from 

the electron spin, which is directed along the spin axis either up or down depending on the 

mode of rotation [see Figure 2.12(b)]. This reveals that the each electron in an atom may be 

thought of as being a small magnet having permanent orbital and spin magnetic moments. 

Furthermore, in an atom, electrons are occupied according to the Pauli’s Exclusion Principle 

and Hund’s rule. The net magnetic moment for an atom is the sum of the magnetic moments 

of the each of constituting electrons, including both orbital and spin contributions and taking 

into the account of moment cancellation. For an atom having completely filled electron shells 

or subshells, when all electrons are considered, there is a total cancellation of both the moments. 

Thus, materials composed of atoms having completely filled electron shells are not capable of 

being permanently magnetized. 

Based on number of unpaired electrons in an atom, their orientation in the orbitals and 

the spin-orbit interaction between the electron orbital angular momentum and spin angular 

momentum and their response in the external applied field, materials are classified into 

diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic [KRON2003]. 
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2.5.2. Diamagnetism 

Diamagnetism is a fundamental property of materials and it is a manifestation of Lenz law, i.e., 

if one applies a field to a system of moving charges, then their motions change in such a way 

that they create a magnetization that opposes the original applied field [OHAN2000]. Such 

effect is present in all the materials, but is often obscured by other types of magnetism. It 

generally occurs in materials having completely filled electronic configuration. The atoms and 

molecules of diamagnetic substances do not possess any net magnetic moments (i.e., all the 

orbital shells are filled and there is no unpaired electron). However, when exposed to a 

magnetic field, the electrons orient themselves such that they try to oppose the applied magnetic 

field and hence they register negative magnetization and negative susceptibility. Most of 

semiconductor material likes ZnO, SnO2 etc. are diamagnetic in nature. 

 

2.5.3. Paramagnetism 

For some solid materials, each atom possesses a permanent dipole moment by virtue of 

incomplete cancellation of electron spin and/or orbital magnetic moments. The orientations of 

these atomic magnetic moments are random in the absence of an external magnetic field and 

result no net macroscopic magnetization. However, these atomic dipoles are free to rotate and 

paramagnetism (PM) occurs when they preferentially align, by rotation, with an external field 

[KITT2004]. Some of the atoms or ions in this class of materials have a net magnetic moment 

due to unpaired electrons in partially filled orbital. However, the individual magnetic moments 

do not interact electrons in magnetically. In the presence of an applied magnetic field, there is 

a partial alignment of atomic magnetic moments in the direction of the applied field, resulting 

in a net positive magnetization and hence positive susceptibility. Both diamagnetic and PM 

materials are generally considered to be non-magnetic because they exhibit magnetization only 

under the application of an external field. The tendency of alignment of magnetic moments 

along the field direction is opposed by the thermal energy, which tries to randomize the spin 

orientation. So they exhibit a temperature (T) dependent susceptibility, χ known as the Curie 

Law, ߯ = ܿܶ
 (2.04) 

with a Curie constant C [BLUN2003]. In classical theory, each atomic moment is considered 

as magnetic dipole alignment in a particular direction with an angle θ with respect to applied 

field and average magnetic moment along the field direction, z is written as 
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< ௭ߤ > =  (2.05) (ݕ)ܮߤ

 

Here, μ is the magnetic moment of each dipole and L(y) is the Langevin function, L(y)=Cothy-

1/y  and y = μB⁄(kBT). This function explains the magnetization of small particles made up of 

atomic clusters. For low applied field or at high temperature, such that y is small, L(y) tends to 

y/3. So < ௭ߤ > = 3ݕߤ =  3݇஻ܶ (2.06)ܤଶߤ

or the magnetization ܯ = ܰ < ௭ߤ > = 3݇஻ܶܤଶߤܰ  (2.07) 

So, the susceptibility ߯ = ܪܯ = ଴3݇஻ܶߤଶܰߤ = ܥܶ
 (2.08) 

and the Curie law is obtained by the classical theory. According to quantum mechanical 

treatment and by considering the quantization of total angular momentum of each atom, the 

average magnetic moment per atom aligned along the magnetic field direction (i.e., z direction) 

of any PM sample can be written as [JILE1997, GUIM1998, BLUN2003]. < ௃௭ߤ > =  (2.09) (ݔ)௃ܤܬ஻ߤ݃

Here g is Landgé g-factor and it depends on spin-orbit coupling of electrons in each atom. J is 

the total angular momentum quantum number. μB = 9.27×10-24 J/T is Bohr magnetron. BJ(x) is 

Brillouin function, which can be written as, ܤ௃(ݔ) = ܬ1 ൤൬ܬ + 12൰ݐ݋ܥℎ ൬ܬ + 12൰ ݔ − ℎݐ݋ܥ12  2൨ (2.10)ݔ

Here, the variable x = (gμBB)/(kBT), where kB is the Boltzmann constant and T is the 

temperature. If N is the number of atoms per unit volume, the volume magnetization M can be 

written as, ܯ = ܰ < ௃௭ߤ > =  (2.11) (ݔ)௃ܤܬ஻ߤ݃ܰ

For the selection of magnetic field B and temperature T such that x is small, BJ(x) ~ [J(J+1)/3]x. 

Such assumption holds true for PM sample in a wide temperature region and for low applied 

field. So 
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< ௭ߤ >	= ܬ஻ߤ݃ܰ ܬ) + 1)3 ݔ = ܰ݃ଶߤ஻ଶ3݇ܶܤ ܬ)ܬ + 1) (2.12) 

Or the susceptibility ߯ = ஻ଶ3݇ܶߤ଴ܰ݃ଶߤ ܬ)ܬ + 1) (2.13) 

It is in the form of Curie law, C/T. Thus the magnetic susceptibility based on Brillouin function 

expression reduces to Curie-law. The examples of PM materials are W, Ce, Al, Li, Mg, etc. 

with typical χ value of 6.8×10-5, 5.1×10-5, 2.2×10-5,1.4×10-5,1.2×10-5 respectively in SI units 

[BLUN2003]. 

 
Figure 2.14: Magnetic hysteresis loop of a ferromagnetic material. 

 

2.5.4. Ferromagnetism 

Certain materials possess a permanent magnetic moment resulting from strong interaction 

between the magnetic moments even in the absence of an external field. This dominates over 

the thermal energy and reveals an alignment of magnetization in a particular direction. Such 

behaviors are displayed by the transition metals and some of the rare earth metals. In FM 

material, there are two distinct characteristics: (1) their spontaneous magnetization and (2) 

existence of magnetic ordering temperature. Spontaneous magnetization is the net 

magnetization that exists inside a uniformly magnetized microscopic volume even in the 

absence of external magnetic field. The magnitude of this magnetization at absolute 

temperature depends on the spin magnetic moments of electrons. The atomic moments in FM 

materials align either a parallel or an antiparallel arrangements showing very strong 

interactions, which are produced by electronic exchange forces. As a result, a large net 

magnetization even after removing the external applied magnetic field exists in FM materials. 
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All FM materials exhibit magnetic hysteresis loop (M-H loop) under the application of 

magnetic field as displayed in Figure 2.14. By studying its hysteresis loop we can get 

information about the magnetic properties of a FM material. The loop is generated by 

measuring the magnetic flux of a FM material while the magnetizing field is changed 

continuously. FM materials in virgin states follow the dashed line (starting from the origin ‘o’) 

as applied field is increased and reach the point 'a' where almost all of the magnetic domains 

are aligned to field direction and an additional increase in the magnetizing field produces a 

very little or no increase in magnetic flux. The magnetization obtained at this point is called 

saturation magnetization (MS). When the field is reduced to zero, the curve moves from point 

‘a’ to ‘b’. At this point, some magnetic flux remains in the material even at zero magnetic field. 

This is called as retentivity and indicates the remanence or level of residual magnetism in the 

material. As the magnetic field is reversed, the curve moves to point ‘c’, where the 

magnetization reaches to zero. This point is called as coercivity (HC) or coercive force. On 

further increasing the field in the negative direction, materials become magnetically saturated 

but in the opposite direction (point ‘d’). Reducing the field to zero brings the curve to point ‘e’. 

At this point, the level of residual magnetism is almost equal to that achieved in the other 

direction (point ‘b’). Increasing the field back in the positive direction returns the 

magnetization to zero. Subsequently, the curve takes a different path from point 'f' back to the 

saturation point (point ‘a’), where it completes the loop. From the M-H loop, the following 

magnetic parameters can be determined: (i) Retentivity: the material's ability to retain a certain 

amount of magnetization when the magnetizing field is removed after achieving saturation, (ii) 

Residual magnetism or Residual flux: The magnetic flux density that remains in a material 

when the magnetic field is zero. Note that residual magnetism and retentivity are the same 

when the material has been magnetized to the saturation point. However, the level of residual 

magnetism may be lower than the retentivity value if the magnetic field did not reach the 

saturation level, (iii) Coercivity: The magnitude of reverse magnetic field is required to make 

the magnetization to zero; (iv) Permeability: A property of a material that describes the ease 

with which a magnetic flux is established in the component. These hysteresis parameters are 

not solely intrinsic properties but are dependent on various parameters such as grain size, 

domain state, internal stresses and temperature. Since the hysteresis parameters are dependent 

on grain size, they are useful for magnetic grain sizing of natural samples. The elements Fe, 

Ni, and Co and their alloys are typical examples of FM materials. FM materials are mainly 

divided into two groups: (a) hard FM materials which exhibit very high HC (> 1000 Oe). These 

materials are mainly used as permanent magnets and media for data storage and (b) soft FM 
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materials with low HC (< 100 Oe) are used for transformer core, read head and magnetic sensor 

applications. 

Another important parameter is the magnetic induction [B = μ0 (H + M)], where μ0 is the 

permeability of free space], which is the total flux of magnetic field lines through a unit cross 

sectional area of the material. From the initial magnetization curve, the initial magnetic 

permeability µI (= B/H), for very small applied magnetic field and maximum permeability µmax 

[=(B/H)max] can be obtained. These parameters indicate the amount of induction generated by 

the material in a given magnetic field and are useful in characterizing magnetic materials. µI 

and HC have a reciprocal relationship. So, materials exhibiting low HC necessarily have a high 

µI. When increasing temperature, a transition from FM state to PM state occurs at a temperature 

called Curie temperature (TC) that is due to thermal energy eventually overcomes the exchange 

energy and produces a randomizing effect leading to PM. 

The phenomenon of FM can often be described by mean field or molecular field model. 

The molecular field model simply assumes that all the interactions from the neighboring 

magnetic species can be described in terms of an effective internal or molecular field Bm, which 

is proportional to the magnetization, i.e., Bm = λM, where λ is the Weiss molecular field 

constant. So the total magnetic field experienced by each dipole is the sum of applied field B 

and the molecular field Bm. The expression for magnetization can be written by following 

eqn.(2.11) with the modification that ܯ = ܰ݃ଶߤ஻ଶܬ)ܬ + 1)3݇ܶ ௔ܤ) +  (2.14) (ܯߣ

 

2.5.5. Antiferromagnetism 

In antiferromagnetic materials, the spins of electrons align in a regular pattern with neighboring 

spins pointing in opposite directions, below a certain temperature called Néel temperature. 

Above the Néel temperature, the material is typically PM. The magnetic susceptibility of AFM 

material will appear to go through a maximum as the temperature is lowered. The AFM 

ordering is possible based on different type of magnetic unit cell structure as shown in Figure 

2.15 except for B type, which is a FM one.  In A type structure, the magnetic ions are coupled 

ferromagnetically in each (001) plane but with alternate planes aligned in opposite spin 

orientation such that it they exhibit net AFM interaction. B type structure is a FM one with all 

six nearest neighbor magnetic ions coupled ferromagnetically. In C type structure, the atoms 

in (101) and (110) planes are ferromagnetically aligned. Each atom has two ferro and four AFM 

nearest neighbors such that there is net AFM unit cell. 
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Figure 2.15: Different type of antiferromagnetic arrangement in a unit cell. 

 

In G type structure, each ion is coupled antiferromagnetically to all its six nearest 

neighbors. Hence the atoms of positive and negative number of FM and AFM bonds are shown 

in Figure 2.15. Some of the materials follow a structure which is a result of coupling of two 

types of magnetic structures. One such example is CE type, where there is coherent stacking 

of octants of C and E type structures. The examples of AFM materials are MnF2, MnO, CoO, 

FeO, Cr2O3, α-Fe2O3 with Néel temperature of 67 K, 116 K, 292 K, 116 K, 307 K, and 950 K 

with θC of -80 K, -510 K, -330 K, -610 K, -485 K, -2000 K respectively [BLUN2003]. 

 

2.6. Intrinsic properties of magnetic materials 

Intrinsic properties of FM materials are MS, TC and magnetocrystalline anisotropy (MCA). 

These properties describe the equilibrium properties of the material on the atomic scale. 

 

2.6.1. Exchange Interaction 

Weiss (1907) reported that in addition to any externally applied field H, there is an internal 

molecular field or exchange field in a FM proportional to its magnetization. ܤாሬሬሬሬԦ =  ሬሬԦ (2.15)ܯߣ

where, λ is a constant independent of temperature. According to eqn.(2.15), each spin sees the 

average magnetization of all the other spins. This molecular field is not really a magnetic field 
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and therefore does not enter into the Maxwell equations. For example, there is no current 

density ଔԦ related to ܤாሬሬሬሬԦ by ∇ሬሬԦ × ሬሬԦܪ =  ଔԦ/ܿ. The magnitude of the molecular field may be asߨ4

high as 1000 Tesla. Now the question is what is the origin of such huge internal molecular 

field? For instance, the magnetic field at distance r due to a magnetic dipole of dipole moment 

m is [KITT2004], ܤௗప௣ሬሬሬሬሬሬሬሬԦ = ൬ߤ଴ݎߨ4ܯଷ൰ ௥ሬሬሬԦ݁ߠݏ݋2ܿ] +  ఏሬሬሬሬԦ] (2.16)݁ߠ݊݅ݏ

The order of magnitude of Bdip (= µ0Hdip) is μ0 M/4πr3 and taking m = 1 µB and r = 0.1 nm 

provides Bdip ≈ 1 Tesla or 10 kG only. This reveals that the huge molecular field is not due to 

the magnetic dipole interaction. This lingered as a mystery until Heisenberg introduced the 

concept of exchange interaction in 1928 [HEIS1928]. The origin of the Heisenberg exchange 

interaction is electrostatic, but the explanation involves quantum mechanics. The charge 

distribution of a system of two spins depends on whether the spins are parallel or antiparallel. 

Pauli’s exclusion principle dismisses that no two identical electrons occupy the same quantum 

state simultaneously. However, it does not exclude two electrons of opposite spin. Therefore, 

the electrostatic energy of a system depends on the relative orientation of the spins: the 

difference in energy defines the exchange energy. The energy of interaction between the atoms 

i and j bearing electron spins Si and Sj is defined from the Heisenberg model as [OHAN2000], ܧ௘௫௖௛ = −2෍ܬ௜௝ ௜ܵ. ௝ܵ௜ழ௝  (2.17) 

where, Jij is the exchange integral and is related to the overlap of the charge distribution of the 

atoms i and j. Assuming that the exchange interaction is the same for each nearest-neighbor 

pair, eqn.(2.17) turns out to be 

௘௫௖௛ܧ = ෍ܬ2− ௜ܵ. ௝ܵ௡௡
௜ழ௝  (2.18) 

 
Figure 2.16: Bethe-slater curve: Elements above (below) the horizontal axis are ferromagnetic 

(antiferromagnetic). 
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For parallel orientation of the magnetization (ferromagnet), J should be positive and for 

antiparallel alignment of spins, J should be negative. The variation of J with respect to inter-

atomic distance is shown in Figure 2.16. This curve is also known as the Bethe-Slater curve. It 

is clear from the Figure 2.16 that the value of J and hence the short-range exchange interaction 

depends strongly on the inter-atomic distance. The eqn.(2.18) can further be simplified by 

considering the energy of a particular atom i interacting with its j nearest neighbor: ܧ௘௫௖௛௜ = ܬ2− ௜ܵ෍ ௝ܵ௝  (2.19) 

while for the entire material, ܧ௘௫௖௛ = −12෍ܧ௘௫௖௛௜௝  (2.20) 

Thus, the discrete, pairwise interaction can be replaced by assuming that the magnetic moment ߤ௠௜ = ஻ߤ݃ ௜ܵ at site i interact with a molecular field. Heff given by the net effect of the z nearest 

neighbor spins: ܧ௘௫௖௛௜ = ௠௜ߤ଴ߤ− ௘௙௙ܪ = ஻ߤ଴ߤ݃− ௜ܵܪ௘௙௙ (2.21) 

where, g is the landé g-factor, µB is Bohr magneton and µ0 is the permeability of the free space 

(= 4π×10-7 H/m or 1.256×10-6 H/m). Comparing eqn.(2.21) with eqn.(2.19) provides the 

effective field as, ܪ௘௙௙ = ஻෍ߤ଴ߤ݃ܬ2 ௝ܵ௝ ≅ ஻ߤ଴ߤ݃ܬݖ2 〈 ௝ܵ〉 (2.22) 

Here, the sum over z neighboring spins has been replaced by z times the average spin value 〈Sj〉. Using ܯ = ௩ܰ݃ߤ஻〈 ௝ܵ〉, eqn.(2.22) gives, ܪ௘௙௙ ≅ ଴ߤ஻ଶߤ௩ܰ݃ଶܬݖ2  (2.23) ܯ

 

From eqn.(2.23), it can be seen that Heff is the Weiss molecular field defined as Hmol = λM, 

provided ߣ =  ଴ (2.24)ߤ஻ଶߤ௩ܰ݃ଶܬݖ2

Using the value of molecular field coefficient λ as 103, J is calculated to be 2×10-21 J or 0.01 

eV/atom. Exchange interactions are weaker than the Coulomb interactions that distinguish 
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levels of different principal and orbital quantum numbers, but stronger than spin-orbit 

interaction. Following the treatment of Weiss molecular field that TC = λC with ܥ =௩ܰߤ௠ଶߤ଴/3݇஻, the expression for TC can be obtained from eqn.(2.24) as 

஼ܶ = ஻ଶ3݇஻ߤ௠ଶ݃ଶߤܬݖ2 = ݏ)ݏܬݖ2 + 1)3݇஻  (2.25) 

where, ߤ௠ = ඥ݃ߤ஻ݏ)ݏ + 1). Another important relation between exchange energy and the 

magnetization is defined as, ܧ௘௫௖௛௜௝ܸ = ܬଶܽଶݏ ௩ܰᇱ2 ൬∇ܯܯ ൰ଶ = ܣ ൬∇ܯܯ ൰ଶ (2.26) 

where, a is the distance between the spins, A is called the exchange stiffness constant having 

1-2×10-11 J/m for most ferromagnets, and Nv' is number of nearest neighbor atoms per unit 

volume. Therefore, it is clear from the above equations that the exchange energy or the 

Heisenberg exchange interaction depends strongly on temperature due to the dependence of 

interatomic distance on temperature. In particular, the disorder FM system is the subject of low 

TC due to the low value of J. 

 
Figure 2.17: Schematic diagram of magnetization, applied field, and easy axis for a given 

material. 

 

2.7. Anisotropy 

When a physical property of any materials depends on the direction that property is said to 

exhibit anisotropy. In magnetism, the preference of magnetization to lie in a particular direction 

of sample is called magnetic anisotropy. As anisotropy plays an important role in tuning the 

nature of M-H loop, it is much essential to understand the various possible sources of the 

magnetic anisotropy and its influence on the control of the magnetic properties. Figure 2.17 

displays a typical situation where for zero applied field, the magnetization would point along 

the easy axis shown (α = 0). When a field is applied, the magnetization is pulled towards the 
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field direction and approaches closer to the field direction with increasing the applied field. For 

any intermediate values of α, the magnetization is being attracted in opposite directions, i.e., 

up by the field and down by the anisotropy. 

Let us assume that all the magnetization is pointing in the same direction in a magnetic 

material and the material exhibits an easy axis of magnetization. In such scenario, we can 

describe the energy per unit volume of the magnetization of this material by ܧ = ܭ  (2.27) ߙଶ݊݅ݏ

where, K is called anisotropy constant with an unit of energy per unit volume (J/m3). Hence, 

the energy term, E, is also energy per unit volume. In general, the magnitude of uniaxial 

anisotropy is described in terms of the anisotropy field, which is defined as the field needed to 

saturate the magnetization of a uniaxial crystal in the hard axis direction, as given in eqn.(2.28) ܪ௞ =  (2.28) ܯ଴ߤܭ2

In general, the energy of the magnetization is given by, ܧ = ߙଶ݊݅ݏ	ܭ − ܪܯ଴ߤ ߚ)ݏ݋ܿ −  (2.29) (ߙ

where, the first term is anisotropy energy. The second term is due to the magnetic field and the 

difference in the angle (β - α) is the angle between H and M. In order to get equilibrium, we 

required first derivative to be zero. Therefore, taking derivative of eqn.(2.29) with respect to 

the angle results, ݀ߙ݀ܧ = ܭ2 sin ߙ cos ߙ − ܪܯ଴ߤ ߚ)݊݅ݏ − (ߙ = 0 (2.30) 

Taking the value of β as 90° for the equilibrium angle for the magnetization relative to the easy 

axis and considering the eqn.(2.28) gives sin ߙ =  ௞ (2.31)ܪܪ

 

2.7.1. Magnetocrystalline anisotropy 

Figure 2.18 shows initial magnetization curves of single crystals of different 3d FM elements. 

It could be clearly seen that the magnetization approaches to saturation in different ways when 

magnetized in different directions. Iron displays [100] as easy direction and [111] as hard 

direction, while nickel exhibits [111] as easy axis and [100] as hard directions. This behavior 

can be understood by analyzing the development of anisotropy energy in different symmetries 

as given below 
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For hexagonal:  ܧ௔ = ଵܭ sinଶ ߠ + ଶܭ sinସ ߠ + ଷܭ sin଺ ߠ + ଷᇱܭ sin଺ ߠ sin 6߶ (2.32) 

For tetragonal:  ܧ௔ = ଵܭ sinଶ ߠ + ଶܭ sinସ ߠ + ଶᇱܭ sinସ ߠ cos 4߶ + ଷܭ sin଺ +ߠ ଷᇱܭ sin଺ ߠ sin 6߶ 
(2.33) 

For cubic:  ܧ௔ = ଶଶߙଵଶߙ)ଵ௖ܭ + ଷଶߙଶଶߙ + (ଵଶߙଷଶߙ +  (2.34) (ଷଶߙଶଶߙଵଶߙ)ଶ௖ܭ

where, αi are the direction cosines of the magnetization. K1c term is equivalent to ܭଵ௖(sinଶ ߠ ଶݏ݋ܿ ߶ sinଶ ߶ + cosଶ ߠ sinଶ  When, θ = 0, ϕ = 0, this term reduces to eqn.(2.27) .(ߠ

[COEY2010]. 

 
Figure 2.18: Magnetization of single crystals of Iron, Nickel and Cobalt. 

 
Figure 2.19: Schematic drawing of broadside and head-to-tail configurations for a pair of 

ferromagnetically coupled magnetic moments. 

 

2.7.1.1. Origin of magnetocrystalline anisotropy 

There are two distinct sources of magnetocrystalline anisotropy: (i) single-ion contributions 

and (ii) two-ion contributions. The first one is essentially due to the electrostatic interaction of 

the orbitals containing the magnetic electrons with the potential created at the atomic site by 

the rest of the crystal. This crystal field interaction stabilizes a particular orbital and by spin-

orbit interaction, the magnetic moment is aligned in a particular crystallographic direction. For 
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example, a uniaxial crystal having 2×1028 ions/m3 described by a spin Hamiltonian DS2 with 

D/kB = 1 K and S = 2 will have anisotropy constant K1 = nDS2 = 1.1×106 J/m3. On the other 

hand, the later contribution replicates the anisotropy of the dipole-dipole interaction. 

Considering the broadside and head-to-tail configurations of two dipoles each with moment m, 

as shown in Figure 2.19, the energy of the head-to-tail configuration is lower by 3μ0m2/(4πr3) 

and hence the magnets tend to align head-to-tail. In non-cubic lattices, the dipole interaction is 

an appreciable source of FM anisotropy. The samples are new kinds of materials that are very 

important to notice to that the NiO, TiO2 and ZnO with the potential created at the atomic site 

by the rest of the crystal. This crystal field interaction stabilizes a particular orbital and by spin-

orbit interaction, the magnetic moment is aligned in a particular crystallographic direction. 

 
Figure 2.20: Magnetization of a prolate ellipsoid of revolution with c > a and no 

magnetocrystalline anisotropy. c-axis is the easy direction of magnetization. 

 

2.7.2. Shape anisotropy 

Shape anisotropy arising due to the asymmetric shape of the material is important for thin films 

where one dimension is very short as compared to other dimensions. The demagnetization field 

inside the material or the stray field outside the magnetic material depends on the magnetization 

and shape of the material [JILE1997, OHAN2000, BLUN2003]. The magnetostatic energy of 

a ferromagnetic ellipsoid as shown in Figure 2.20 with magnetization MS is given as ܧ௠ = 12  ௌଶ (2.35)ܯ଴ܸܰߤ

The anisotropy energy is related to the difference in energy ΔE when the ellipsoid is 

magnetized along its hard and easy directions. N is the demagnetization factor tensor for the 

easy direction. N′=(1/2)(1-N) is the demagnetization factor tensor for the hard directions. 

Hence, 
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௠ܧ∆ = ௌଶܯ଴ܸߤ12 ൤12 (1 − ܰ) − ܰ൨  

௠ܧ∆ = ௌଶ[1ܯ଴ܸߤ14 − 3ܰ]  

௦௛ܭ = ௌଶ[1ܯ଴ߤ14 − 3ܰ] (2.36) 

In addition, the demagnetization factor tensor that relates the demagnetization field with a 

specimen magnetization as a function of position is given by [NEAL1994], ܰ(ݎ) = − ′∇′ݎම݀ଷߨ14 ቆ∇′ ൬ ݎ1 −  ൰ቇ (2.37)′ݎ

 

Table 2.03: Demagnetization factors (in Gaussian units) of selected shapes. 

Shape N1 N2 N3 

Sphere 4π/3 4π/3 4π/3 

Long Cylinder along z-axis 2π 2π 0 

Infinite plate normal to z-axis 0 0 4π 

Strip film normal to z-axis 

(with t – thickness, W – Width, L – Length; t ≤ W ≤ L) 

0 8t/W 4π 

 

This tensor is given by an integral over the object volume and can be evaluated either inside or 

exterior to the body. The value of tensor N significantly depends on the specimen shape, which 

is difficult to obtain in closed-form. It may be calculated exactly for an ellipsoidal shape only. 

In many symmetrical materials such as any ellipsoids of revolution, the demagnetization factor 

tensor only has three principal components, i.e., 

൭ܪଵܪଶܪଷ൱ = −൭ ଵܰ 0 00 ଶܰ 00 0 ଷܰ൱ ൭ܯଵܯଶܯଷ൱ (2.38) 

where, N1 + N2 + N3 = 1 (in SI) and N1 + N2 + N3 = 4π (Gaussian). The demagnetization factors 

for the selected shapes are summarized in Table 2.03. A detailed calculation of demagnetization 

factor for various objects can be found in [NEAL1994]. The shape anisotropy is zero for a 

sphere, as N = 1/3. Shape anisotropy is fully effective in samples which are so small that they 

do not break up into domains [COEY2010]. 

 

TH-1784_10612115



Chapter 2: Fundamental aspects and theoretical . . .

 

44 
 

 

Figure 2.21: Magnetization of a thin film with induced anisotropy created by annealing in a 

magnetic field. The sheared (a) and open (b) loops are observed when the measuring field H 

is applied perpendicular and parallel to the annealing field direction, respectively. 

 

Figure 2.22: Schematic drawing of bars to demonstrate inducing an easy-axis in a material 

with the positive magnetostriction. 

 

2.7.3. Induced anisotropy 

In some materials, the magnetic anisotropy can be induced by many ways: (i) fabricate a 

nanoparticles in the presence of a magnetic field, (ii) heat treat the materials in the presence of 

external applied magnetic field and (iii) apply uniaxial stress. In the first two cases, after such 

treatment, the material may exhibit an easy axis of magnetization that points in the direction of 

the magnetic field. This induced anisotropy is certainly independent of any crystalline 

anisotropy or any other form of anisotropy that might be present. Figure 2.21 shows the typical 
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example of inducing the anisotropy in FM materials by field annealing. In the last case, the 

uniaxial anisotropy is induced by applying uniaxial stress (σ) in a ferromagnetic solid 

[KRON2003]. The magnitude of the stress-induced anisotropy is ܭ௨ఙ =  ௌ (2.39)ߣߪ32

where, λS is the saturation magnetostriction. Both the single-ion and two-ion anisotropy 

contribute to the stress induced anisotropy. The highest values of uniaxial anisotropy are found 

in hexagonal and other uniaxial crystals. Smallest values are found in cubic alloys and 

amorphous ferromagnets. 

 

2.7.4. Magnetostrictive anisotropy 

Another important form of anisotropy in magnetic materials is due to magnetostriction, a 

change of volume of an isotropic crystal due to magnetic order. Magnetostriction relates the 

stress in a magnetic material to an anisotropy created by that stress. Figure 2.22 shows 

schematic views of bars with different applied stress conditions. If λ is positive, then application 

of a tensile stress to the bar creates an easy axis in the direction of the applied stress. If a 

compressive stress is applied, then the direction of the easy axis created will be perpendicular 

to the stress direction. On the other hand, if the magnetostriction constant for the material is 

negative, then the above phenomena would be reversed: a tensile stress will create an easy axis 

perpendicular to the stress direction and a compressive stress will create an easy axis in the 

direction of the applied stress. 

 

2.8. Surface effects 

The nanoparticles have small size and hence large fraction of all the atoms in a nanoparticle 

are surface atoms [BATL2002]. Since the ratio of surface atoms to the bulk atoms is large, 

surface contribution to magnetization becomes significant. In general, the magnetic 

nanoparticles are considered to consist of single domain particles with uniaxial anisotropy. The 

orientation of its magnetic moment points either up or down in a zero field along the easy axis. 

However, the surface atoms experience different environments than those in the core of the 

particles. As discussed earlier, there are several types of defects that exist on the surface. These 

defects result in uncompensated disordered spins at the surface of the nanoparticle leading to 

surface magnetization (FM or AFM). The surface magnetization is contributed by the surface 

uncompensated spins, which depend on the size of the particle and on the degree of surface 

disorder [DOBR2005, HOCH2006]. Because of surface effects, FM could be a universal 
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feature of nanoparticles and their oxides, as reported by Sundaresan et al [SUND2006]. For 

example, nanoparticles of non-magnetic materials such as cerium oxide and aluminum oxide 

were found to display M-H loops at room temperature. Nanoparticles of metal nitrides, such as 

niobium nitride were also found to exhibit FM. Nanoparticles of some superconductors in the 

normal state were found to show FM. The smaller the nanoparticle, the larger is the FM. High 

field hysteresis and relaxation of the magnetization could result due to irreversible 

reorientations of the surface spins [KODA19991]. Nunes et al [NUNE1998] considered the 

structural relaxation of spinel ferrite nanoparticles using molecular dynamic modelling. They 

predicted non-uniform strains in the surface layers, with an average expansion of a few percent 

compared to bulk. They suggested that such an expansion might result in a stress-induced 

anisotropy field of up to 70 kOe, which could account for some of the anomalous magnetic 

behavior of ferrite nanoparticles. Kodama et al proposed that the canted spins in ferrite 

nanoparticles freeze into a spin glass-like phase at temperatures below 50 K [KODA1997, 

KODA19991, MORU2013]. Thus, the surface spins have multiple configurations for any 

orientation of the core magnetization. Nevertheless, several models such as two-sublattice 

model, multi-sublattice model [KODA1997] and core-shell model [TIWA2005, JAGO2009] 

have been proposed by considering different types of particle interactions [MENE2010] on the 

complexity of the magnetic properties of NiO nanoparticles and the observed results were 

explained on the basis of competition among core size effects, surface anisotropy and interface 

interaction. The nature of temperature dependence of coercivity of such particles is strongly 

dependent on the particle size and the nature varies from linear behavior to non-linear behavior 

with decreasing particle size. Proenca et al [PROE2011] shown that the effective magnetic 

anisotropy increases with decreasing particle size and the number of uncompensated spins per 

nanoparticles was found to be proportional to ns1/3 (ns = total number of spins), indicating the 

random distribution on the nanoparticle surface. This leads to unidirectional anisotropy 

between ferromagnetically coupled uncompensated surface spins and AFM cores and provides 

additional pinning force resulting a shift of the hysteresis loop. Similarly, Duan et al 

[DUAN2012] reported that the larger saturation magnetization and coercivity in fine NiO 

nanoparticles is mainly resulting from the surface spins and explained using core-shell model. 

It is well understood that the changes in the physical properties can be directly related to their 

microscopic origin and theoretical studies are required to confirm the surface effects. Several 

magnetic effects could also result from the finite size effect of nanoparticles. These could 

include:  

(i) Random oriented uncompensated surface spins. 
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(ii) Canted spins. 

(iii) Spin glass like behavior of the surface spins. 

(iv) Magnetically dead layer at the surface. 

(v) Enhancement of the magnetic anisotropy which result for surface anisotropy. 

However, surface effects can lead to a decrease or an increase in the magnetization of the 

nanoparticle. It was reported that magnetization of oxide nanoparticles decreases up to creation 

size for some oxide nanoparticle [KODA19992]. On the other hand, the magnetization of some 

metallic nanoparticles (cobalt) was reported to increase [RESP1998]. The reduction of 

magnetization of oxide nanoparticles was attributed to the existence of a magnetically dead 

layer on the particle’s surface and the existence of canted spins or the existence of a spin glass-

like behavior of the surface spins [KODA19992]. Several experimental studies reported an 

increase in the effective magnetic anisotropy due to surface effects [BODK1994, JAME2001, 

LUIS2002, JAME2004]. Computational studies also reported different anisotropy and 

magnetic moment at the surface of magnetic clusters embedded in matrices [XIEY2004]. Binns 

et al reported that both spin and orbital moments at the surface are different from those of the 

bulk counterparts using Synchrotron radiation [BINN2002]. These studies suggest that the total 

magnetization of the nanoparticle is composed of two components: a component due to the 

surface spins and a component due to the core of the particle. This led to the development of 

model of core-shell to describe interaction between the core and the shell. In nanoparticles of 

AFM or ferrimagnetic materials, this interaction occurs at the interface between the FM surface 

and AFM (or ferrimagnetic) core. In some FM nanoparticles, the surface of the metal usually 

oxidizes in air and forms an AFM metal-oxide shell around the FM metal core. Thus, there will 

be an interaction between the core and the shell, called exchange bias or exchange coupling, 

which provides an additional magnetic anisotropy to help aligning the FM spins in certain 

directions. 

Core-shell exchange interaction and surface anisotropy were found to play significant 

roles in determining some magnetic properties of nanoparticles. The structural modifications 

at the boundaries of FM or ferrimagnetic nanoparticles, such as vacancies, broken bonds, may 

induce enough frustration, which leads to different canted magnetic structures [MAKO2009]. 

The canted surface spins may freeze giving rise to a glassy state at low temperatures. One of 

the important features characterizing the surface spin glass state in nanoparticles is the 

flattening of the field-cooled magnetization at low temperatures [LABA2005]. The main origin 

of spin glass-like behavior in nanoparticles could be due to strong inter-particle interactions or 

due to surface spin effects within individual particles. 
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2.9. Spin glass 

The transition from disordered spin state to metastable frozen disorder state due to competing 

magnetic interactions undergoes a transition below certain temperature, called as spin glass 

temperature (Tsg) [HUAN1985, BIND1986, MYDO1993, GING1994, DIEP2004]. The frozen 

disordered state is known as spin glass. Here, each spin is under the competing magnetic 

interactions with the nearest spins or next nearest spins. Therefore, the spin cannot find a 

ground state by simultaneously minimizing their energy with each neighboring spins. Thus, 

they are frozen in a metastable random direction to minimize the total energy. Unlike the other 

phase transitions, where a system undergoes transition from disorder to order state, here, the 

system undergoes transition from one disordered state to another disordered state. Hence, the 

debate is where it is really a thermodynamic phase transition. More or less, it is agreed that 

spin glass is a phase transition because the high temperature magnetic disorder is due to random 

thermal fluctuations without any interaction between magnetic spins, while the low 

temperature disorder state is due to long range magnetic interaction of opposite signs. 

Conventional spin glass materials are CuMn, AgMn, AuFe [BIND1986, DIEP2004] and some 

oxide materials.  

DC susceptibility data of conventional spin glass materials exhibit bifurcation between 

zero-field-cooled (ZFC) and field-cooled (FC) curves at Tsg [NAGA1979]. Similarly, some 

research groups have reported that NiO nanoparticles exhibit superparamagnetism 

[BODK2000, BAHL2006] or spin glass behavior [TIWA2005]. While Ghosh et al 

[GHOS2006] reported that Tsg increases from 10 to 15 K with increasing particle size of NiO 

from 3 to 7 nm, respectively, Winkler et al [WINK2008] showed much higher Tsg of 17 K for 

3 nm particles. Spin glass transition was also reported in un-doped and TM doped DMS 

materials [TIWA2005, YIJB2007, GRUY2009]. Nagata et al [NAGA1980] found a spin glass 

behavior on (Hg,Mn)Te based DMS material below 11 K. Similarly, Chen et al [CHEN1995] 

found that Fe doped HgSe, ZnSe, CdS and ZnS group II-VI based DMS materials exhibit 

typical spin glass behavior. The stability of the Sherrington-Kirkpatrick solution of a spin glass 

model [SHER1975, SHER1978] given by de Almeida et al [ALME1978] could be fitted using 

de Almeida-Thouless (AT) line described as 

 

(ܶ)஺்ܪ ∝ ቆ1 − ௣ܶ௘௔௞௦ܶ௚ ቇଵ.ହ (2.40) 
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2.10. Magnetic interaction 

2.10.1. Direct exchange interaction 

Two neighboring magnetic moments can interact with each other directly without the aid of 

any intermediate molecules or ions. This interaction is known as direct exchange. In reality, 

there is hardly seen any interesting magnetic phenomenon that could be explained based on the 

direct exchange. As there is insufficient overlapping of the participating magnetic dipoles, 

direct exchange is not an important mechanism in controlling the magnetic properties. 

 

2.10.2. Magnetic dipole-dipole interaction 

Magnetic dipole-dipole interaction [BLUN2003] or dipolar coupling refers to the direct 

interaction between two magnetic dipoles. The energy of the interaction is given as  ܪ = − ௜௝ଷݎߨ଴4ߤ [3൫ߤ௜. .௝ߤ௜௝൯൫ݎ̂ ௜௝൯ݎ̂ − ൫ߤ௜.  ௝൯] (2.41)ߤ

where ̂ݎ௜௝ is a unit vector parallel to the line joining the centers of the two dipoles, μi, μj are the 

moments of two dipoles separated by a distance |rij|. This interaction is important in the 

properties of those materials, which order at milli-Kelvin temperature. The magnetic dipolar 

interaction is too weak to account for the ordering of most of the magnetic materials. There is 

a built in anisotropy to the dipolar interaction which can orient the spins either parallel (FM) 

or antiparallel (AFM). If the spins are oriented along rij, they couple ferromagnetically. 

Otherwise, they couple antiferromagnetically. 

 

2.10.3. RKKY Interaction 

It is a special kind of indirect exchange commonly seen in metals having localized magnetic 

moments and the interaction is mediated via the itinerant electrons. The localized magnetic 

moment of an ion spin-polarizes the conduction electrons and this spin-polarized electrons 

couple to the neighboring localized magnetic moment at a distance r away. The Ruderman-

Kittel-Kausya-Yosida (RKKY) model [RUDE1954, KASU1956, YOSI1957, BLUN2003] 

explains the magnetic interaction between the localized single magnetic ions and the 

delocalized conduction electrons band. The exchange interaction is thus indirect because it 

does not involve direct coupling between magnetic moments. The coupling takes the form of 

an r dependent exchange interaction Jex(r) given by ܬ௘௫(ݎ) = ଶݎଶ݉∗݇ிସߨ4  (2.42) (ݎ2݇ி)ܨ
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m* is effective mass, kF is the Fermi wave vector of the electron gas. The oscillating function 

is given as (ݔ)ܨ = ݔݏ݋ܿݔ) −  .ସ and is plotted in Figure 2.23 as a function of xݔ/(ݔ݊݅ݏ

 
Figure 2.23: The Oscillatory part of RKKY interaction energy. F(x) is proportional to the 

product of the Fermi wave vector and the distance from the localized moment. 

 

It is a long range interaction with oscillatory dependence on the distance between the magnetic 

ions. Hence depending on the separation it may be either FM or AFM [VEGA2001]. RKKY 

interaction is also found to play a major role in many DMS materials when the solubility of 

carrier level is quite high [STOR1986, DIET1997, NADO2002]. The carrier concentration in 

such case is found to be quite high, i.e., on the order of 1019 cm-3 to 1021 cm-3 and it correspond 

to about 60 at% of carrier doping in Group IV-VI based DMS [STOR1986, NADO2002]. In 

DMS materials, doping of extra charge carrier along with magnetic ions gives rise to enhanced 

ferromagnetism [RISB2003, LIN2004, SLUI2005, THEO2006, LIX2007, GOPI2008]. 

(GaMn)As and (Ge,Mn) alloys exhibit FM due to exchange interaction between Mn atoms with 

distance larger than the average nearest Mn and Mn distance. In addition, the exchange 

interactions exhibit oscillatory character and are exponentially damped by disorder. However, 

isolated Mn impurities in the semiconductor host with same number of valence holes exhibit 

undamped RKKY type behavior [BOUZ2003, BERG2004, KUDR2004]. 

 

2.10.4. Super-exchange interaction 

Kramer [KRAM1934], Anderson and his group [ANDE1955, ANDE1958], Goodenough 

[GOOD1995] and Kanamori [KANA1959] pointed out that FM and AFM interactions are 
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possible by a mechanism called super-exchange interactions. Here, two magnetic ions interact 

through an intermediate non-magnetic ion. This is a common interaction in insulating magnetic 

oxides, where the intermediate ion is O2-. 

 
Figure 2.24: Arrangement of spins and orbitals in (a) an antiferromagnetic super-exchange 

interaction, and (b) a ferromagnetic super-exchange interaction. 

 

A schematic representation of super-exchange interaction producing AFM and FM is 

shown in Figure 2.23 (a) and (b), respectively. Figure 2.23 (a) shows the situation where the 

3d orbitals are pointing towards the O-2p orbital. The overlapping between the 3d and p orbitals 

facilitates the simultaneous covalent bond formation between the cations (Mn4+) and anions 

(O2-) on both sides since the electrons of O2- anion are shared with the 3d electrons. Here, out 

of two valence electrons of oxygen, the up spin electron spends some time with the cation in 

one side having up spin configuration and the down spin electron spends some time with other 

cation having down spin configuration to satisfy the Hund’s rule. In this process, each cation-

anion pair has FM (parallel) alignment of electrons and the net cation-cation interaction is 

AFM. 

According to Goodenough [GOOD1995], the above covalent bonding is not permissible 

if the core spins of magnetic cations are aligned parallel as shown in Figure 2.23 (b). Under 

this situation, out of two valence electrons of O2-, the spin up electron form covalent bonding 

with left side cation (Mn3+) having spin up electron, while the spin down electron of oxygen 

forms ionic bond with right side cation (Mn4+). The direct exchange between oxygen and the 

right side cation is AFM. So, overall FM interaction prevails between Mn3+ and Mn4+ ions. In 

many DMS materials, the super-exchange interaction comes into picture at large concentrations 

of TM-ion. The first principles study of the super-exchange interaction in (Ga, Mn)V, (V=N, 

P, As and Sb) by Chang et al [CHAN2007] reports that short-range super-exchange interaction 
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is found to be AFM in nature and is found to be quite strong in (Ga,Mn)N and weak in 

(Ga,Mn)As and (Ga,Mn)Sb. The significant super-exchange interaction at large TM 

concentrations plays an important role in reducing Curie temperature. 

 

2.10.5. Anisotropic exchange interaction 

Dzyaloshinskii [DZYA1958] postulated a contribution to the exchange interaction between 

two neighboring spins, which was later identified by Moriya [MORI1960] as spin-orbit 

coupling between the spins. The excited state of one of the participating ions is not connected 

with oxygen ion but is produced by the spin-orbit coupling in one of the magnetic ions. Hence, 

there is an interaction between the excited states of one ion with the ground state of other ion. 

This interaction is known anisotropic exchange interaction and is mathematically represented 

as ܪ஽ெ = ଵܵ)ܦ × ܵଶ) (2.43) 

where S1 and S2 are two neighboring spins and D is Dzyaloshinskii-Moriya constant. The 

Dzyaloshinskii-Moriya interaction tries to align the vectors S1 and S2 at right angles in a plane 

perpendicular to the vector D. Its very effect is to cant the spins by a small angle. The 

Dzyaloshinskii-Moriya interaction is responsible for the observation of small ferromagnetic 

moment for antiferromagnetic samples. 
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3.1. Introduction 

In the course of present investigations, several experimental techniques were used for the 

preparation and characterization of the samples. This chapter provides a brief description of 

these experimental techniques. 

 

3.1. Techniques used for sample preparation 

Material processing in the present thesis were carried out in two steps viz., high-energy 

planetary ball milling of the pure metal-oxide powders followed by heat treatment of as-milled 

powders under different atmospheres and preparation of pure samples using sol-gel method 

with different molar concentrations and annealed at different temperatures. A brief discussion 

on both the techniques is given below. 

 
Figure 3.01: (left) Photographic view of the planetary ball mill used and (right) Schematic 

diagram of the horizontal section of a vial depicting the movement of the balls inside the vial 

due to its planet like movement. 

 

3.1.1. Ball milling technique 

Milling of pure oxide powders was carried out by high-energy ball milling in a planetary ball 

mill (Insmart, India) under dry milling conditions in an argon (Ar) gas atmosphere. The 

photographic view of the planetary ball comprising of a horizontal support disc on which vials 

are mounted and the schematic view of milling process are depicted in Figure 3.01. The vials 

mounted on the horizontal disc rotates in a direction opposite to that of the disc and thereby 

simulating a planetary like motion. This results in a large centrifugal force acting on the balls 
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kept inside the vial and causes the balls to collide with themselves and to the wall of the vial 

with high impact. When the metal-oxide powders are placed in the vial along with the balls, 

the powders are subjected to repeated cold welding and fracture at the surfaces of the balls and 

the vial. This process leads to disintegration of the powders, resulting first in refinement of 

crystallite size to produce nanocrystalline alloys along with large number of defects in the 

parent powders [SONI2001, SURY2001, KOCH2002, SURY2004]. Hence, crystallite size 

refinement is a natural consequence of a ball milling process. As the milling time progresses 

the alloy becomes amorphous. The refinement and alloying processes are determined by the 

milling parameters such as powder to ball weight ratio, ball size, rotation speed, milling time, 

etc. Nature of the milling vial and balls also plays an important role in the process along with 

the milling media. 

In the present thesis work, dry milling of high purity oxide powders has been carried out 

under high purity Ar gas atmosphere. Hardened steel vial and hardened steel balls were used 

for milling of all the powders. After a careful and systematic investigations, the ball to powder 

weight ratio was fixed at 10:1 and the rotating speed was 500 rotations per minute for milling 

process. Prolonged milling under dry conditions results in a temperature rise inside the vial 

which usually deteriorates the final product. Thus, the milling process was programmed to 

pause for 15 minutes after every 15 minutes of continuous milling to avoid excessive heating. 

In addition, Ar gas was periodically filled inside the vial to avoid oxidation. 

 

3.1.2. Sol-gel method 

The sol-gel process is a wet-chemical technique that uses either a chemical solution (sol short 

for solution) or colloidal particles (sol for nanoscale particle) to produce an integrated network 

(gel). The method is used for the fabrication of metal-oxides, glass materials, etc [BAAB2015, 

MISH2017]. Nickel acetate tetrahydrate ((CH3COO)2Ni.4H2O)) received from Merck was 

dissolved first in doubly distilled deionized water with different molar concentrations of 0.1, 

0.2, 0.3 and 0.5 under constant stirring for 2 hrs at moderate temperatures of 40 to 50 °C to 

obtain a light greenish sol. Subsequently, 2 to 3 ml of ethylene glycol (from Merck) was added 

slowly to the warm sol to obtain a greenish thick gel. A clear gel of 0.1 M, 0.2 M, 0.3 M and 

0.5 M solution was achieved. The gel product was eventually dried at 120 °C for 12 hrs. As-

made powders without annealing exhibit nickel hydroxide structure. The dried powders were 

subsequently subjected to air annealing at different temperatures (350 °C and 500 °C) for 3 hrs 

to produce fine NiO powders.  
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Figure 3.02: Block diagram of the high temperature furnace. 

 

3.1.3. Heat treatment at elevated temperatures 

In order to optimize nanocrystalline microstructure and to release defects (strain) created 

during the milling process, the selected as-milled powders were undergone heat treatment at 

elevated temperatures (annealing) in an air atmosphere using a resistive tubular furnace (Okay, 

India). The block diagram of the high temperature furnace is shown in Figure 3.02. This tubular 

furnace could be used up to a temperature of 1600 °C. The temperature of the constant 

temperature heat zone at the center of the furnace extends to 150 mm. The annealing 

temperature was controlled to ± 2 °C using a commercial temperature controller. The annealing 

temperature and annealing time were optimized based on the development of nanocrystalline 

microstructure, release of defects (strain) and magnetic properties of the nanocrystalline 

powders. 

 

3.2. Structural characterization 

3.2.1. X-ray diffraction 

Powder X-ray diffraction (XRD) is the most widely used non-destructive technique for general 

crystalline material characterizations. Two different powder X-ray diffractometers viz. Seifert 

3003 T/T and high-power (18 kW) Rigaku TTRAX III were used in the thesis work depending 

upon the availability. Cu-Kα X-ray radiation with a wavelength of 1.54056 Å was used in all 

the cases. Figure 3.03 displays the typical photographic view of the Rigaku high-power (18 

kW) TTRAX III X-ray diffractometer and Bragg-Brentano geometry of powder X-ray 
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diffractometer. The theta-theta (θ–θ) goniometer was used in the reflection (Bragg-Brentano) 

geometry [CULL2001].  

  
Figure 3.03: (left) Photographic view of Rigaku TTRAX III 18 kW X-ray diffractometer and 

(right) Bragg-Brentano diffraction geometry of a powder X-ray diffractometer. 

 
Figure 3.04: Diffraction of X-ray by a crystal. 

 

XRD technique allows identification of various crystalline phases present in the material 

and provides other structural information such as the size of the crystallites, strain present 

inside the crystallites, lattice constant, etc. It is well-known that an ideal crystal has a periodic 

arrangement of atoms as shown in Figure 3.04. Diffraction of X-ray occurs through 

constructive interference of X-ray scattered from atoms of a set of parallel planes in crystal 

lattice at a particular angular positions of the incident wave known as Bragg angles 

[CULL2001]. This condition for obtaining constructive interference is known as Bragg’s law 

given by the relation [CULL2001], 

λθ ndhkl =sin2  (3.01) 

where, dhkl is inter-planer spacing, θ is the angle of incidence of the X-ray beam with the atomic 

plane, λ is wavelength of the X-ray and n is order of diffraction (we consider only the first order 
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diffraction, n =1, because the second order peaks are mostly difficult to detect experimentally). 

A series of these angles can be used to determine the Miller indices (hkl) and the crystal 

structure can be identified from the systematic behavior of these indices. Figure 3.04 shows the 

diffraction of X-ray from crystal lattice planes illustrating Bragg’s law. The structural 

parameters such as the average size of the crystallites, d-spacing, lattice constant and strain 

present inside the crystallites, etc. can be determined by a careful analysis of the XRD patterns 

using various models [CULL2001]. All measurements were carried out at an accelerated 

voltage of 50 kV and current of 200 mA. XRD data were collected at a slow scan rate of 0.005 

°/s. The exact peak position and full width half maxima (FWHM) of the XRD peak is obtained 

using Gaussian fitting to the experimental data. The crystallite size and the strain present in the 

crystallites can be estimated from the width of the diffraction peaks. This is analogous to the 

diffraction of light from a grating where the line width is proportional to the number of 

diffracting grooves in the grating. The broadening Δθsize due to crystallite size can be quantified 

by Scherrer’s formula [CULL2001],  

θ
λθ

cosD

k
size =Δ  (3.02) 

where Δθsize size is broadening due to crystallite size and D is the average size of the crystals. 

Presence of strain also broadens the peak which can be quantified as [CULL2001], 

θηθ tan4=Δ strain  (3.03) 

where Δθstrain is broadening due to strain and η is the lattice strain. Williamson and Hall plot 

(WHP) method is used to estimate the effects of crystallite size and strain due to the broadening 

[WILL1953], which is the combination of both equations (3.02) and (3.03) for a set of Bragg 

peaks. This method is a linear representative of the total broadening effect expressed as 

θη
θ

λθ tan4
cos

+=Δ
WHPD

k  (3.04) 

or 

θηλθθ sin4cos +=Δ
WHPD

k  (3.05) 

In case of elastically anisotropic materials, certain Bragg peaks are more affected by strain than 

other peaks. In such cases, the use of WHP method for the analysis of size and strain is 

questionable, as the data extracted from XRD do not fall into straight line. In order to consider 

the different strain contribution to different peaks, Modified Williamson-Hall Plot (MWHP) 

TH-1784_10612115



Chapter 3: Experimental Methods

 

59 
 

method [UNGA1991, UNGA1992] can be used to analyze the diffraction peaks. According to 

this model, the individual contribution to the broadening of XRD peaks can be expressed as 

( ) hklCK
B

b

D
K 2

22
2

2
9.0









+






=Δ ρπ  (3.06) 

where ΔK [= (2cosθ Δθ)/λ], Δθ is full width at half maximum (FWHM) of the Bragg reflections 

(in radian) after correcting instrumental broadening, K = 2sinθ/λ, b is modulus of Burgers 

vector of dislocations, B is a constant (taken as 10 for a wide range of dislocation distributions 

[SHEN2005]), ( )2
00 1 qHCC hhkl −=  is dislocation contrast factor introduced to take care 

elastically anisotropic materials, where the residual strains affect some Bragg reflections more 

than the others, ( ) ( )2222222222 / lkhhllkkhH ++++=  for a cubical system and q is a constant. 

In the MWHP formulation, Ungar et al [UNGA1991, UNGA1992] considered that 

dislocations/defect are the main contributors to the strain. The plots between (ΔK)2 and K2Chkl 

can be fitted using a straight line and the values of D and ρ could be calculated from intercept 

and slope of the fitted straight line, respectively. Note that the dislocation density is one of the 

major structural parameters [HULL2001] influencing the final nanocrystalline microstructure 

and correlated to the induced strain and reduced crystal size as 

32
Dbρη =  (3.07) 

 

  
Figure 3.05: (left) Photographic view and (right) schematic view of field-emission scanning 

electron microscope. 
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3.3. Morphological and microstructural characterization 

3.3.1. Scanning electron microscopy 

Scanning electron microscope (SEM, Leo 1430VP) with energy dispersive spectroscopy (EDS) 

attachment (Oxford) and field emission scanning electron microscope (FE-SEM, Sigma Zeiss, 

Germany) were used to study the surface morphology and elemental compositions of the alloy 

powders. A photographic view of the FE-SEM used in the present study is shown in Figure 

3.05. SEM is a microscopic technique that uses electrons to form an image of objects and to 

study surface morphology, fractured components, foreign particles and residues, polymers, 

electronic components, biological samples and countless others. The thermionically emitted 

electrons from a tungsten filament or field emission controlled electrons are drawn to an anode, 

focused by two successive condenser lenses into a beam with a narrow fine spot size (~ 50 Å). 

The shorter wavelength of electrons permits image magnifications of up to 100,000 times in 

SEM. Pair of scanning coils located at the objective lens deflects the beam either linearly or in 

raster fashion over a rectangular area of specimen surface. 

 
Figure 3.06: (a) Electron and photons signals emanating from tear-shaped interaction volume 

during electron beam impingement on specimen surface, (b) Energy spectrum of electrons 

emitted from the specimen surface and (c) Effect of surface topography on electron emission. 

 

Figure 3.06 displays the interaction of electrons on the surface of the sample. Upon 

electron impingement on the surface, the interaction volume assumes a tear drop shape. These 

primary bombarding electrons on the surface of the specimen dislodge electrons called as 

TH-1784_10612115



Chapter 3: Experimental Methods

 

61 
 

secondary electrons from the specimen. These dislodged secondary electrons are attracted and 

collected by a positively biased grid or detector, and then translated into a signal. These signals 

are then amplified, analyzed and translated into images of the topography being inspected. 

Finally, the image is shown on a cathode ray tube. The most common imaging mode relies on 

the detection of the very lowest portion of the emitted energy distribution. Their very lower 

energy means they are originated from a subsurface depth of no longer than several angstroms. 

Apart from secondary electrons, the primary electron beam results in the emission of 

backscattered (or reflected) electrons (BSE) from the specimen. BSE possesses more energy 

than secondary electrons and have a definite direction. All emissions above 50 eV are 

considered to be backscattered electrons. It may be noted that the BSE imaging is useful in 

distinguishing one material from another, since the yield of the collected backscattered 

electrons increases monotonically with the specimen's atomic number Z (~ 0.05 Z1/2). BSE 

imaging can distinguish elements with atomic number differences of at least 3, i.e., elements 

with atomic number differences of at least 3 would appear with good contrast on the image. 

EDS analysis is quite useful in identifying materials and contaminants as well as 

estimating their relative concentrations on the surface of the specimen. During EDS analysis, 

the specimen is bombarded with an electron beam inside the SEM. The bombarding electrons 

colliding with the specimen knock off some of the electrons from the atoms. A position vacated 

by an ejected inner shell electron is eventually occupied by a higher-energy electron from an 

outer shell. To be able to do so, however, the transferring outer electron must give up some of 

its energy by emitting X-ray. The amount of energy released by the transferring electron 

depends on which shell it is transferring from, as well as which shell it is transferring to. 

Furthermore, the atom of every element releases X-ray with unique amounts of energy during 

the transferring process. Thus, by measuring the amounts of energy present in the X-ray being 

released by a specimen during electron beam bombardment, the identity of the atom from 

which the X-ray was emitted can be established. The output of an EDS analysis is an EDS 

spectrum, which is just a plot of how frequently an X-ray is received for each energy level. An 

EDS spectrum normally displays peaks corresponding to the energy levels for which the most 

X-ray had been received. Each of these peaks is unique to an atom, and therefore corresponds 

to a single element. The higher the peak in a spectrum, the more concentrated the element is in 

the specimen. 

In the present work, a thin layer of the as-milled and annealed powders were spread on 

carbon coated tape and mounted on the FE-SEM stub. Gold coating, wherever necessary, was 

then applied over it to yield an electrically conducting surface for SEM observation. 
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Figure 3.07: (a) Cut view of transmission electron microscope and (b) schematic ray diagrams 

of image mode and (c) diffraction mode. 

 

3.3.2. Transmission electron microscopy 

Transmission electron microscope (TEM, Jeol 2100, TECNAI G2 F30) has been used to study 

the microstructure of the powders. TEM is an optical analogue to the conventional light 

microscope. It is based on the fact that electrons can be ascribed a wavelength (of the order of 

0.25 nm), but at the same time interact with magnetic fields as a point charge. A beam of 

electrons is applied instead of light and the glass lenses are replaced by magnetic lenses. The 

lateral resolution of the best microscopes is down to atomic resolution. A schematic diagram 

of a TEM is shown in Figure 3.07. 

Electrons emitted from electron gun are accelerated to 100 - 300 keV and first projected 

on to the specimen by means of the electromagnetic lens systems. The scattering processes 

experienced by electrons during their passage through the specimen determine the kind of 

information obtained as shown in Figure 3.08. Elastic scattering involving no energy loss when 

electrons interact with the potential field of the ion cores gives rise to diffraction pattern. In-

elastic scattering between beam and matrix electron at heterogeneities such as grain boundaries, 

dislocations, second-phase particles, defects, density variations cause complex absorption and 
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scattering effects. The generation of characteristic X-ray and Auger electrons also occurs, but 

these by-products are not usually collected in a typical TEM measurement. The emergent 

primary and diffracted electron beams are now made to pass through a series of post-specimen 

lenses. The objective lens produces the first image of the object. Depending on how the beams 

reaching the back focal plan of the objective lens, the beams are subsequently processed using 

different operation modes. Basically, either magnified images or diffraction patterns are 

obtained. The image can be studied directly by the operator or photographed with a camera. 

 
Figure 3.08: Various signals generated as a result of electron beam interaction with a thin solid 

specimen in TEM. 

 

Images can be formed in different ways. The bright-field image is obtained by 

intentionally excluding all diffracted beams and only allowing the selected portion of the 

central beam passed through the specimen. This is done by placing suitably sized apertures in 

the back focal plane of the objective lens. Intermediate and projection lenses then magnify this 

central beam. Dark-field images are also formed by magnifying a single beam by choosing one 

of the diffracted beams by means of an aperture that blocks the central beam and the other 

diffracted beams. By selected area electron diffraction pattern, ring like structure is imaged, 

which corresponds to the particular plane of that element or compound. If only diffused rings 

appear then the system must have single amorphous phase. The high-resolution TEM image 
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obtained by allowing both the central beam passing through the specimen and one or more of 

the diffracted beams helps to evaluate the average grain size and dislocations more precisely. 

For TEM observation, the sample in the form of powder was dispersed either in dimethyl 

formamide solvent or in isopropanol using an ultrasonicator. A drop of the colloidal solution 

was placed on a carbon coated TEM grid and allowed to dry in a clean environment. The grid 

with the dried powder particles was then used for the TEM observation. 

 

 
Figure 3.09: Schematic diagram (top) and photographic view (bottom) of Raman spectroscopy. 

 

3.4. Spectroscopy characterization 

3.4.1. Micro-Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopic technique generally used to study properties 

such as crystalline phases, defects, strain, etc. in a material. It is basically a light scattering 

phenomenon based on the famous Raman effect corresponding to the photon-phonon 

interaction. Figure 3.09 depicts the schematic diagram and photographic view of Raman 

spectroscopy (LabRAM HR-800, Jobin Yvon, USA). In Raman spectroscopy, the sample is 
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illuminated with a monochromatic laser beam which interacts with the molecular vibration and 

are scattered. A fraction of the scattered beam has wavelength different from the incident 

wavelength and constitute the main features of Raman spectrum. If the scattered wavelength is 

shorter than the incident wavelength, the scattered lines are known as Stokes line, while if the 

scattered wavelength is longer, then they are known as anti-Stokes lines. 

Raman spectrometer can be dispersive and non-dispersive. Dispersive spectrometer use 

grating or prism while non-dispersive spectrometer uses interferometer such as Michelson 

interferometer. Here, the intense laser beam is incident on the samples through a microscope 

with spot size of a few microns. The microscope is coupled confocally to an 800 mm focal 

length spectrograph equipped with two switchable gratings. The excitation photon can be 

supplied by using two sources namely He-Ne laser (wavelength 632.8 nm) or Ar laser (488 and 

514 nm). The laser beam is totally reflected by the beam splitter, which splits the beam into 

two parts having equal wavelengths. The beam was allowed to fall on the sample where both 

Rayleigh and Raman scatterings occur. The notch filter allowing only the Raman scattered 

wavelength blocks the incident wavelength. The inelastic scattered light was allowed to pass 

through the grating and etalon, which in-turn resolves the weak inelastic scattered wavelength 

coming from the sample more efficiently. Further, the beam was allowed to enter into a charge 

couple device where it detects the change in polarizability of the sample from the change in 

wavelength and converts into the intensity. We could see intensity versus wave number graph 

in the computer screen. 

A high resolution micro-Raman (LabRAM HR-800, Jobin Yvon, USA) spectroscopy 

instrument with liquid nitrogen cooled CCD detector is used for the characterization of the pure 

un-milled and milled powders. 

 

3.4.2. Photoluminescence spectroscopy 

Photoluminescence (PL) is the spontaneous emission of light from a material under optical 

excitation. Light is directed onto a sample, where it is absorbed and imparts excess energy into 

the material in a process called photo−excitation. One of the ways to dissipate this excess 

energy by the sample is through the emission of light or luminescence, as shown in Figure 3.10. 

In the case of photo−excitation, this luminescence is called photoluminescence. This light can 

be collected and analyzed spectrally, spatially and also temporally. The intensity and spectral 

content of this photoluminescence is a direct measure of various important material properties. 

PL spectroscopy is a contactless, versatile, non-destructive, powerful optical method of probing 

the electronic structure of materials. 
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Figure 3.10: Principle (top) and photographic view (bottom) of photoluminescence 

spectroscopy. 

 

Photo-excitation causes electrons to move into permissible excited states. When these 

electrons return to their equilibrium states, the excess energy is released and may include the 

emission of light (a radiative process) or may not (a non-radiative process). The energy of the 

emitted light relates to the difference in energy levels between the excited state and the 

equilibrium state, while the quantity of the emitted light is related to the relative contribution 

of the radiative process. PL spectroscopy gives information only on the low lying energy levels 

of the investigated system. In semiconductor systems, the most common radiative transition is 

between states in the conduction and valence bands, with the energy difference being known 

as the bandgap. During a PL spectroscopy experiment, excitation is provided by laser light with 

an energy much larger than the optical band gap. The photo excited carriers consist of electrons 

and holes, which relax toward their respective band edges and recombine by emitting light at 

the energy of the band gap. Radiative transitions in semiconductors may also involve localized 

defects or impurity levels and, therefore, the analysis of the PL spectrum leads to the 
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identification of specific defects or impurities, and the magnitude of the PL signal allows 

determining their concentration.  

Hence, PL is a process of photon excitation followed by photon emission and important 

for determining band gap, purity, crystalline quality and impurity defect levels of a 

semiconducting material. It also helps to understand the underlying physics of the 

recombination mechanism. PL spectroscopy is quite different from the absorption 

spectroscopy, as the first one deals with the transitions from the excited state to the ground 

state, while the second one measures the transitions from the ground state to excited state. A 

high resolution PL spectrometer (Edinburg Instruments FSP920, UK) instrument is used for 

the characterization of the pure un-milled and milled powders. 

 

 
Figure 3.11: Principle (top) and photographic view (bottom) of Fourier-transform infrared 

spectroscopy. 

 

3.4.3. Fourier transform infrared spectroscopy 

Infrared spectroscopy (IRS) is an important technique to study the presence of various 

functional groups and to identify the pure compounds or the presence of specific impurities. 
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The analysis of IRS is based on the fact that the molecules have specific frequencies of internal 

vibration ranging between 4000 cm-1 and 200 cm-1. When a sample is placed in a beam of IR 

radiation, the sample will absorb radiation at frequencies corresponding to molecular 

vibrational frequencies. The frequencies of radiation absorbed are measured by an IRS and the 

resulting plot of absorbed energy versus frequency is called IR spectrum. As different materials 

have different vibrations and yield different infrared spectra, the identification of the materials 

is quite easy. From the frequencies of the absorption, it is possible to determine whether various 

chemical groups are present or not in a chemical structure. In addition to the characteristic 

nature of the absorption, the magnitude of the absorption due to a given species is related to 

the concentration of that species. 

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared 

spectrum of absorption or emission of a solid, liquid or gas. FTIR is based on the phenomena 

“Michelson interference” combined with Fourier transformation of the source spectrum. 

[BRUN1992]. An FTIR spectrometer simultaneously collects high-spectral-resolution data 

over a wide spectral range and overcomes the limitations encountered with dispersive 

instruments. This provides a unique type of signal which has all of the infrared frequencies 

“encoded” into it. The signal can be measured very quickly, usually on the order of one second 

or so. Thus, the time element per sample is reduced to a matter of a few seconds rather than 

several minutes. Most interferometers employ a beam splitter which takes the incoming 

infrared beam and divides it into two optical beams (Figure 3.11). One beam reflects off of a 

flat mirror which is fixed in place. The other beam reflects off of a flat mirror which is on a 

mechanism which allows this mirror to move a very short distance (typically a few millimeters) 

away from the beam splitter. The two beams reflect off of their respective mirrors and are 

recombined when they meet back at the beam splitter. Because the path that one beam travels 

is a fixed length and the other is constantly changing as its mirror moves, the signal which exits 

the interferometer is the result of these two beams “interfering” with each other. The resulting 

signal is called an interferogram which has the unique property that every data point (a function 

of the moving mirror position) which makes up the signal has information about every infrared 

frequency which comes from the source. This means that as the interferogram is measured, all 

frequencies are being measured simultaneously. The measured interferogram signal cannot be 

interpreted directly and “decoding” the individual frequencies is required. This can be 

accomplished via a well-known mathematical technique called the Fourier transformation. This 

transformation is performed by the computer which then presents the user with the desired 

spectral information for analysis. 
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In this study, we used a commercial FTIR spectrometer (Perkin Elmer, Spectrum BX, 

Figure 3.11) to obtain the transmission spectrum of the pure and milled powders at room 

temperature in the range between 400 cm-1 and 4000 cm-1. All the spectra were taken after 

background corrections. For the sample preparation, the pure un-milled and milled powders of 

very small quantity is mixed with KBr and ground in ceramic mortar and then prepared pellets 

using KBr press and die. 

 

 
 

Figure 3.12: Schematic of XPS spectrometer (top) and excitation and de-excitation processes 

(bottom).  

 

3.4.4. X-ray photoelectron spectroscopy 

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

technique. This measures the elemental composition at the parts per thousand range, empirical 
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formula, chemical state and electronic state of the elements that exist within a material. The 

principle of XPS is based on the photoelectric effect outlined by Einstein in 1905 and developed 

by Siegbahn and his research group [SIEG1967], where the concept of the photon was used to 

describe the ejection of electrons from a sample surface when photons impinge upon it. XPS 

requires high vacuum (~ 10-5 Pa) or ultra-high vacuum (UHV with pressure better than 10-5 Pa) 

conditions. XPS spectra are obtained by irradiating surface of the given material with a beam 

of X-ray as shown in Figure 3.12 and simultaneously measuring the kinetic energy and number 

of electrons that escape from the top sub-surface (~0 to 10 nm) of the material. This process 

can be expressed by the following equation: 

Φ−−= KEhBE υ  (3.08) 

where, BE is the binding energy of the electron in the atom, hν is the photon energy of X-ray 

source, KE is the kinetic energy of the emitted electron that is measured in the XPS 

spectrometer and Φ is the spectrometer work function. The XPS principle for ejecting an 

electron from the atom as photoelectron during excitation and release of Auger electrons during 

the de-excitation process is shown in Figure 3.12. After the release of photoelectron, the atom 

turns into an excited state. To revert back to ground state, the electron from an outer shell 

occupies inner shell by releasing either X-ray or Auger electron. For XPS, Al-Kα (1486.6 eV) 

or Mg-Kα (1253.6 eV) is generally used as the source of X-ray. The photon is absorbed by an 

atom of the sample, leading to emission of a core (inner shell) electron. The energy of the 

photoelectrons leaving the sample is determined using an appropriate electron energy analyzer 

and this gives a spectrum with a series of photoelectron peaks. For each and every element, 

there will be a characteristic binding energy associated with each core atomic orbital, i.e., each 

element will give rise to a characteristic set of peaks in the photoelectron spectrum at kinetic 

energies determined by the photon energy and respective binding energies. The peak intensities 

measure how much of a material is at the surface, while the peak positions indicate the 

elemental and chemical composition. Other values, such as the full width at half maximum 

(FWHM) are useful indicators of chemical state changes and physical influences. 

In this study, XPS measurements were carried out in standard ultrahigh vacuum surface 

science chamber consisting of PSP Vacuum Technology electron energy analyzer (angle 

integrating ±10°) and a dual anode X-ray source with (ULVAC-PHI, Inc.) using Mg-Kα X-ray 

beam (1253.6 eV) at a base pressure of 2×10-7 Pa and energy resolution at full width at half 

maximum is about 0.8 eV. The spectrometer was calibrated using Au 4f7/2 at 83.9 eV and used 

for the calibration of the XPS spectra recorded for various milled samples.  
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3.4.5. Electron spin resonance spectroscopy 

Electron spin resonance (ESR) or Electron paramagnetic resonance (EPR) spectroscopy is a 

very powerful, sensitive, informative and nondestructive technique for the characterization of 

the electronic structures of materials with unpaired electrons. ESR is based on Zeeman effect 

that explains the splitting of energy level of a particle having spin ½ in a magnetic field. The 

energy difference between the two levels is given by 

BgE Bμ=Δ  (3.09) 

where, g is the Landé g-factor, μB is Bohr magneton and B is the amplitude of applied magnetic 

field.  

 

 
Figure 3.13: Block diagram (top) and photographic view of ESR spectrometer (bottom).  

 

Since the energy difference between the two states depends on the magnetic field, 

electrons at the lower energy state can jump to the excited state at a particular value of the 

magnetic field. Alternatively, one can fix the magnitude of the applied field and vary its 

frequency. At certain value of frequency, the electrons can jump to the higher state giving rise 

absorption peak in the spectra. At resonance, 
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Bgh Bμυ =  (3.10) 

where, υ is the frequency of the magnetic field, h is Planck’s constant. Neither the field nor the 

frequency for resonance is a unique fingerprint for a system because spectra can be obtained at 

different value of B or frequency satisfying the eqn. (3.10). It is therefore the g-factor is the 

most useful parameter for the characterization of ESR spectra. 

The basic building blocks of ESR are shown in Figure 3.13. The microwave generator 

generates and supplies microwave at controlled frequency and power, which are transmitted to 

the sample cavity through a waveguide. The sample cavity is mounted in the midst of the 

electromagnet pole pieces perpendicular to the magnetic field, B which can be varied in a 

controlled way. In addition to the main magnetic field, another magnetic field which is weaker 

comparative to the main field is generated and superimposed on the cavity by Zeeman 

modulation coils. Thus, the signal response from the cavity is modulated at the Zeeman 

modulation frequency. The ideal way for EPR spectra is to fix the magnitude of the magnetic 

field and continuously vary its frequency.  However, microwave generators are tunable only to 

a limited range of frequency. Hence, the microwave frequency is fixed and magnitude of the 

magnetic field is varied. The magnetic field is swept until the sample absorbs the microwave 

frequency and jumps to the higher energy level, i.e., ESR absorption occurs. 

Commercial ESR spectrometer works in the frequency range from several MHz to several 

GHz: 1-2 GHz (L-band) and 2-4 GHz (S-band), 8-10 GHZ (X-Band), 35 GHz (Q-band) and 

95 GHz (W-band). In the present investigation, we have carried out the ESR measurement in 

powder form using JEOL Spectrometer (JES-FA200) operating at X-band frequency (ν = 9.4 

GHz) with 100 kHz magnetic field modulation. 

 

3.5. Magnetic property characterization 

Magnetic properties of the materials can be characterized by using various experimental 

techniques such as magnetic property measurement system (MPMS) equipped with 

superconducting quantum interference device (SQUID) magnetometer, vibrating sample 

magnetometer (VSM), ac susceptometer, etc. In this section, a brief outline of the principle 

involved in VSM and SQUID magnetometers used in the present work is given. 

 

3.5.1. Vibrating sample magnetometer 

VSM (Lakeshore Model 7410, USA) was used to characterize room temperature and 

temperature dependent magnetic properties in the temperature range 20 K – 300 K and 300 K 
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– 1100 K. VSM measures net dipole moment when material is exposed to magnetic field 

[JANS2004, HORS2006].  

 

 
Figure 3.14: Schematic diagram (top) and photographic view (bottom) of a vibrating sample 

magnetometer.  

 

The magnetic moment of the material can be obtained either as a function of field called 

magnetic hysteresis (M-H) loop to investigate the evolution of magnetic properties with field 

or as a function of temperature (M-T) to understand the magnetic phase transition of the 
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material. Figures 3.14 displays schematic diagram and photographic view of VSM used in the 

present study. 

 
Figure 3.15: Photographic view of a SQUID magnetometer in MPMS (MPMS XL 7 system). 

 

When a sample is placed in a uniform magnetic field, a dipole moment proportional to 

the product of the sample susceptibility and the applied field induced in the sample. If the 

sample is made to undergo sinusoidal motion, an electrical signal can be induced in suitably 

located stationary pickup coils (see figure.3.14). This signal has amplitude proportional to the 

magnetic moment of the sample, the vibrating amplitude and the vibration frequency. Through 

the use of lock-in-amplifier and feedback techniques, only that portion of the signal arising 

from the magnetic moment is picked up and is converted into direct read-out in the unit of 

magnetization (e.g. emu) on a digital panel meter. VSM consists of the following major parts: 

a) Vibration exciter and sample holder, b) water cooled electromagnet and power supply, c) 

Hall probe, d) pick-up coils, e) amplifier, f) control panel system, g) lock-in amplifier and h) 

computer interface. The sample was fixed at the lower end of the sample holder after 
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completing the calibration procedure using standard Ni sample. The measurement sequence is 

programmed as per the users choice using the software (IDEASVSM) provided with the 

instrument such that the program starts either from the maximum field or from the zero applied 

field. The sequence is made to collect more number of data, which helps to extract the magnetic 

parameters (saturation magnetization, remenance magnetization, coercivity, etc.) more 

accurately. The exciter is vibrated at a frequency of 72 Hz (Lakeshore model 7410) and the 

signal received from the hall probe and the pick-up coils is converted into the magnetic moment 

of the sample. The magnetic field is increased automatically in user-defined steps for 

measuring M-H loops. Similarly, for high temperature M–T measurements, a high temperature 

oven attachment capable of providing a controlled heating/cooling of the sample from room 

temperature to 1223 K was used. For M–T measurements, the nanocrystalline sample was 

loaded on a high temperature sustainable holder (ceramic holder or quartz rod) after the 

calibration using standard Ni sample. The oven was purged with nitrogen gas to avoid 

oxidization of the sample at high temperature. Magnetization was recorded at different 

temperatures at a constant in-plane applied magnetic field. The heating rate and M–T sequences 

were programmed using the IDEASVSM software. 

 

3.5.2. Magnetic property measurement system 

Magnetic property measurement system (MPMS), as displayed in Figure 3.15, equipped with 

SQUID magnetometer (MPMS XL 7, USA), was used to characterize magnetic properties in 

the temperature range of 2 K – 399 K. The fundamental property of superconducting rings is 

that they can enclose magnetic flux only in multiples of a universal constant called flux 

quantum, φ0, i.e., an external magnetic field can penetrate a superconductive loop if and only 

if the magnetic field is an integer multiple of φ0 [BARO1992]: 

Wb
e

h 15
0 102

2
−×==φ  (3.09) 

where, h is the plank constant and e is the charge of electron. Since the flux quantum is the 

smallest quantity of the magnetic flux, SQUID has an extraordinarily sensitive magnetic 

detector. SQUIDs actually function as magnetic flux-to-voltage transducers by converting 

magnetic flux into corresponding voltage. SQUID mainly consists of two Josephson junctions, 

i.e., two superconducting metals separated by a thin insulating layer, which is typically a metal-

oxide [BARO1992]. As a result, the tunneling super current across the junction has a phase 

which depends strongly on the magnetic field applied perpendicularly to junction. Furthermore, 
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each junction has a maximum value of the current that can flow without voltage drop across 

and above which normal electrons need to flow and a finite voltage drop appears. This finite 

voltage drop causes the supercurrent to cease. In particular, in a superconducting ring 

interrupted by two Josephson junctions, the application of a magnetic field normal to the ring 

causes an induced supercurrent to screen the magnetic field. When induced supercurrent 

exceeds the critical value, it allows the magnetic flux to enter the hollow portion of the ring, in 

multiples of one quantum unit as discussed earlier. The process repeats for an increasing 

external applied magnetic field and the flux increases each time by one quantum unit. A pick-

up coil, located coaxially to the ring, enables the measurement of the magnetic field by counting 

the pulses of electromotive force induced each time of the magnetic flux changes. 

In the present study, the sample was fixed in the suitable sample holder and temperature 

dependent magnetization measurements were carried out under zero-field-cooled (ZFC) and 

field-cooled (FC) conditions by setting the program. The sample was cooled down to 2 K 

without applying any field and the magnetization was measured during the warming process 

under a constant applied, known as ZFC process. Subsequently, the sample was cooled down 

to 2 K under the same constant field and the magnetization was measured during warming 

process, called as FC process. The temperature during measurements was controlled using 

suitable temperature controller (Quantum Design) from 2 K to 400 K. 
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4.1. Introduction 

The study of fine nanocrystalline metal-oxide particles has become a subject of increasing 

interest and intense research in the myriad of different fields such as catalysis, magnetic 

resonance imaging contrast agents, targeted drug delivery, sensors, energy conversion, 

electrochromics, etc [LLAN2010, RUNG2010, HOSO2012]. These nanoparticles lie between 

clusters whose properties are strongly dependent on its size and submicron sized particles 

which have almost the properties same as bulk materials. In particular, the study of magnetism 

and magnetic interactions in various types of metal-oxide nanoparticles has generated much 

attention due to size and/or defect induced magnetic properties and their potential applications 

in biomedical, magnetoelectronic device, catalysis, spintronics, etc [DORM1997, FERN2004, 

ARIC2005, FIOR2005, DART2008, PANK2009, KITA2010, MORG20102, VEIS2010, 

HAAS2012, THAN2012]. Furthermore, the development of NiO based nanoparticles and thin 

films has been focused to obtain ferromagnetism (FM) above room temperature such that these 

oxides with cubic structure could facilitate integration of spintronic devices where both charge 

and spin are used to transport, store, and process information in novel ways [DORM1997, 

FIOR2005].  

There have been a profusion of recent works on the magnetic properties of nanosized 

antiferromagnetic (AFM) particles and most of the reports demonstrate existence of FM 

moment on the nanoparticles [KHAD2003, BHOW2004]. This was mainly instigated from 

Néel’s suggestion that fine nanoparticles of AFM nature should exhibit either a weak FM or 

superparamagnetism (SPM) [NEEL1962]. Richardson et al [RICH1956] reported the first 

investigation on size dependent properties of NiO system. Subsequently, the effect of size 

dependent magnetic properties [KODA1997, THOT2007] and the competition between finite 

size versus surface effects [MAND2011] on the room temperature magnetic crossover of NiO 

were reported. Some theoretical calculation and experimental data have shown that NiO 

nanoparticles ranging from 1 to 50 nm can have both AFM and FM couplings [YIJB2007]. It 

may be noted that most of the reported investigations on NiO based systems are bottom to top 

approach on selected size of the particles without any systematic investigations. Hence the 

comparison of the resulting magnetic properties in NiO is quite complex due to the interplay 

between finite size, surface effects and interface effects, etc. On the other hand, the approach 

of the top to bottom method for studying the magnetic properties of pure NiO particles without 

any impurity phases is significantly missing. Therefore, we report here an alternative and 

inexpensive technique called ball milling process using a high-energy planetary ball mill to 

prepare nanoscale NiO powders with the subsequent observations of (i) evolution of nanoscale 
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NiO powder with milling time, (ii) the effects of size reduction and stress induced during 

milling on the structural, vibrational, electronic, magnetic, resonance and optical properties of 

NiO powders, (iii) the effect of annealing of milled NiO powders at different temperatures to 

understand the origin of room temperature FM and (iii) correlation between the crystal 

structure, microstructure, vibrational, electronic, magnetic, resonance and optical properties of 

these ball milled powders and to explore the possibility to enhance their physical properties. 

 

4.2. Experimental details 

Weighed quantities of high purity NiO (> 99.9%, Sigma Aldrich, USA) powders, displaying 

pale green color, were taken in high energy planetary ball mill filled with high purity argon 

gas. The milling process of NiO powders was carried out for different milling periods (tm) from 

0.25 to 60 hrs using the mill operated at 500 rpm with a ball-to-powder weight ratio of 10:1. 

The optimization of the milling speed and ball-to-powder weight ratio was done mainly by 

analyzing the variation in the structural and magnetic properties of the NiO powders. In order 

to avoid any local heating during milling and its influence on the resulting properties, the 

milling process was programmed to halt for 15 minutes after every 15 minutes of operation. In 

addition, the milled powders were collected at regular intervals and characterized to monitor 

the evolution of nanostructure in NiO powders. These powders collected at random intervals 

were also subsequently annealed at air atmosphere for 3 hrs at different annealing temperatures 

(TA).  

The phase evolution and crystal structure of NiO powders were analyzed through X-ray 

diffraction (XRD) patterns obtained using high-power (18 kW) X-Ray diffractometer (Rigaku 

TTRAX III, Japan). XRD data were collected at a slow scan rate of 0.005°/s for analyzing the 

structural parameters as a function of tm. The changes in the surface morphology of the powders 

were observed using field emission scanning electron microscope (FE-SEM) and overall 

composition of the pure un-milled and milled powders was determined using energy dispersive 

spectroscopy (EDS, Oxford) attached to SEM unit. The microstructural properties of the pure 

un-milled and milled NiO powders were analyzed using transmission electron microscopy 

(TEM, JEOL 2100 and TECNAI G2 F30) technique. Raman spectra were obtained using micro-

Raman spectroscopy (LabRam HR800, Jobin Yvon) using excitation wavelength of 614 nm at 

room temperature. X-ray photoelectron spectroscopy (XPS) analysis was carried out in a 

standard ultrahigh vacuum surface science chamber consisting of a PSP vacuum technology 

electron energy analyzer (angle integrating ±10°) and a dual anode X-ray source with an Mg-
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Kα source (1253.6 eV) at a base pressure of 2×10-10 mbar and energy resolution at full width 

at half maximum (FWHM) is about 0.8 eV. The spectrometer was calibrated using Au 4f7/2 at 

83.9 eV [ZHAN20121]. Mössbauer spectra were recorded at room temperature using a 

standard constant acceleration Mössbauer spectrometer in the transmission geometry. 

Magnetic properties of the pure un-milled and milled powders were characterized using 

vibrating sample magnetometer (VSM, LakeShore Model 7410) by performing (i) magnetic 

hysteresis (M-H) loops at different temperatures under zero-field-cooled (ZFC) and field-

cooled (FC) conditions and (ii) high-temperature thermomagnetization (M-T) under constant 

applied magnetic fields over a wide range of temperatures from 300 K to 1100 K. Similarly, 

M-T measurements were also performed under ZFC and FC conditions in the temperature range 

between 2 K and 400 K at different constant applied fields using magnetic property 

measurement system with superconducting quantum interference device (SQUID, Quantum 

Design MPMS XL7) magnetometer. Room temperature electron paramagnetic resonance 

(EPR) measurements were carried out on a JEOL Spectrometer (JES-FA200) operating at X-

band frequency (ν =9.4 GHz) with 100 kHz magnetic field modulation in powder form. Steady 

state photoluminescence (PL) spectra were recorded by using a 312 nm Xenon lamp excitation 

(AB2, Thermo spectronic). 

 
Figure 4.01: Room temperature XRD patterns of (a) pure un-milled NiO powder and (b) milled 

NiO powder for 30 hrs. 
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4.3. Results and discussion 

4.3.1. Structural properties 

Figure 4.01 depicts typical room temperature XRD patterns of pure un-milled NiO and 30 hrs 

milled NiO powders. The un-milled NiO powder shows Bragg reflections corresponding to 

face centered cubic (fcc) structure. Similarly, the milled NiO powder also exhibits fcc structure 

without any impurity phase within the detection limit of X-ray diffractometer. A careful 

observation of the XRD peaks reveals that the sharp Bragg reflections observed in pure NiO 

powders broadens significantly along with a considerable shift in peak position towards a lower 

diffraction angle. While the first one indicates the formation of highly refined and strained NiO 

powders, the latter one suggests a considerable change in the lattice parameter during the 

milling process.  

 
Figure 4.02: Room temperature XRD patterns of pure un-milled and milled NiO powders at 

different tm. 

 

In order to understand the evolution of nanocrystalline microstructure systematically, we 

have obtained XRD patterns of milled NiO powders collected at different tm between 0.25 and 

60 hrs. Figure 4.02 displays the XRD patterns of NiO powders milled at different tm. All 

samples exhibit fcc structure without any other impurity phases. With increasing tm, the peak 

broadening increases along with the shift in peak position to lower angles. It is well-known that 
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broadening of XRD peaks occurs due to the refinement of average crystallite size (D), 

instrumental broadening and strain (η) caused by the density of dislocations (ߩ) induced during 

ball milling process [DING2001, SURY2001]. To separate the individual contribution from D 

and η, XRD patterns were analyzed using Williamson-Hall Plot (WHP) method [WILL1953] 

described by the formula given in eqn.(4.01)  

θηλθθ sin4cos +=Δ
WHPD

k  (4.01) 

where Δθ is full width at half maximum (FWHM) of Bragg reflections (in radians) after 

eliminating the instrumental broadening contribution, θ is the peak position, λ ( = 1.5406 Å) is 

the wavelength of the X-ray, DWHP is average crystal size, k is constant taken as 0.9 by assuming 

spherical nature of particles and η is the effective lattice strain. In order to validate the WHP 

fit to XRD data, the eqn.(4.01) is modified to 

ηK
D

k
K

WHP

+=Δ  (4.02) 

where ΔK [= (Δθ cosθ)/λ] and K = 4sinθ/λ. Figure 4.03 depicts the plot of ΔK versus K for 30 

hrs milled NiO powders and the typical linear fit to the data using eqn.(4.02). It is observed 

that the data do not fall into straight line and hence not entirely obey the linear fit to WHP 

formulation. The deviation observed in the data can be correlated to the existence of anisotropic 

variation in the residual strain. Hence, certain Bragg reflections may exhibit large strain 

component than others. 

 
Figure 4.03: The plot of ΔK versus K for 30 hrs milled NiO powder. The straight line is the 

linear fit to eqn.(4.02). 
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Ungar et al [UNGA1991, UNGA1992] suggested a modification to WHP method by 

including dislocation contrast factor in order to consider the anisotropic distribution of 

dislocation effects on different Bragg peaks. Hence, to separate the size and strain effects 

effectively for the presently investigated samples, the XRD patterns were analyzed using 

Modified Williamson-Hall Plot (MWHP) method. According to this method, individual 

contribution to the broadening of reflections can be expressed as 

( ) CK
B

b

D
K 2

22
2

2
9.0











+






=Δ ρπ  (4.03) 

where ∆K [= (2cosθ Δθ)/λ], K = 2sinθ/λ, D is average crystal size, b is modulus of the Burgers 

vector of dislocations taken as ( )ab 2/3=  [SHEN2005], ρ is average dislocation density and 

B is a constant (taken as 10 for a wide range of dislocation distributions [REVE1996] and C 

( )( )2
00 1 qHCC hhkl −==  is dislocation contrast factor introduced to take care the elastically 

anisotropic materials [UNGA1992, SHEN2005, KALI2008, MHAD2010], where the residual 

strains affect some Bragg reflections more than the others, q is a constant and 

( ) ( )2222222222 / lkhhllkkhH ++++=  for cubic system. 

 
Figure 4.04: The plot of (ΔK)2 versus K2C for 30 hrs milled NiO powder. The straight line is 

the best linear fit to eqn.(4.03). 

 

Figure 4.04 depicts the typical plot of (ΔK)2 versus K2C and the linear fit using eqn.(4.03). 

It is clear from the figure that all the XRD data almost fall into straight line and hence fitted 

using a straight line. The values of D and ρ were calculated from intercept and slope of the 
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fitted straight line, respectively. Note that the dislocation density is one of the major structural 

parameters [HULL2001] influencing the final nanocrystalline microstructure and correlated to 

the induced strain and reduced crystal size as 
32

Dbρη = . The determined values of D and η  

for milled NiO powders are plotted as a function tm in Figure 4.05.  

 
Figure 4.05: The variations of average crystal size (D) and effective strain (η) as a function of 

milling time (tm) for milled NiO powders. 

 

With increasing tm, D decreases largely up to tm = 10 hrs and then remains almost constant 

upon subsequent milling. NiO powders milled more than 10 hrs exhibit fine nanosized crystals 

with the size of around 11 nm. On the other hand, the strain increases drastically for tm up to 

10 hrs and then decreases slightly for higher tm. The amount of strain in the milled powders is 

relatively high as compared to pure NiO powders or NiO powders prepared by chemical 

process [PROE2011, TAJI2015]. These results clearly indicate that the formation of 

dislocations caused by the high-energy ball mill is majorly influencing on the development of 

nanocrystalline microstructure. When the crystal size reaches the saturation value, further 

milling does not produce more dislocations due to the difficulty in generating additional 

dislocations in smaller crystals. On the other hand, the existing dislocations will be rearranged 

at this stage and some dislocations may be annihilated due to prolong milling. This results in a 

slight decrease in the strain values as observed in for the powders milled for 60 hrs. 
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Figure 4.06: The plot of lattice volume (V) as a function of D-1. The straight line is the best 

linear fit to the experimental data using eqn.(4.04). 

 

To study the effect of structural refinement on the lattice parameters, the lattice constant 

was calculated from XRD patterns. Figure 4.06 displays the variation of volumetric change in 

the milled NiO powders as a function of inverse of average crystal size (D-1). Interestingly, we 

observed almost a linear variation of volumetric change with D-1 and the data was fitted to a 

linear equation, as described in eqn.(4.04). 

1)( −+= DAVDV B  (4.04) 

where VB represents the volume of the bulk NiO and A is a constant. The linear fit to the data 

yields the values of VB and A as 72.49 Å3 and 49.56 Å4, respectively. The obtained value of VB 

is in close agreement with the bulk NiO value of 72.51 Å3 [DUOL2010]. A similar variation 

of lattice change has been reported in other metal-oxide systems and correlated to (i) unpaired 

electron orbitals at outer surface [AYYU1995], (ii) the valence reduction [TSUN2000] and (iii) 

strong repulsive interactions of parallel surface defect dipole [LIL2006]. In contrast, Eto et al 

[ETOT2000] reported a continuous decrease in the lattice constant of NiO exhibiting a 

rhombohedral distorted B1 structure with increasing pressure up to 141 GPa. Therefore, the 

observed linear lattice expansion in the presently investigated samples can be related to 

negative interface pressure activated by the strain, which distorts the local structure without 

affecting overall crystal structure. This promotes a condition of non-stoichiometric in NiO and 
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therefore changes the color of NiO powder from pale green for pure un-milled NiO to dark 

green with increasing tm [AHMA2006]. 

 
Figure 4.07: FE-SEM images of (a) pure un-milled and milled NiO powders at tm = (b) 1, (c) 

10, (d) 20, (e) 40 and (f) 60 hrs. 

 

In order to understand the change in the surface morphology and evolution of 

nanocrystalline microstructures, the pure un-milled NiO and milled NiO powders were 

characterized using FE-SEM and TEM techniques. Figure 4.07 shows the typical FE-SEM 
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images of pure un-milled and milled NiO powders at different tm. A clear particle morphology 

with the average particle size of 1 to 3 μm is observed in pure un-milled NiO powders.  

 
Figure 4.08: Bright-field TEM images, selected area electron diffraction patterns, high-

resolution TEM images and inverse-fast Fourier transform images of selected areas of high-

resolution TEM of (a,b) pure un-milled NiO and milled NiO powders at tm = (c,d) 3 hrs, (e,f) 

10 hrs and (g,h) 30 hrs, respectively. 
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With increasing tm, the average particle size of the milled powders decreases considerably 

below 300 nm. At the same time, the agglomeration of the fine particles increases to form 

aggregated particles and the number of such particles increases with increasing tm. Note that 

these aggregates are typical of ball-milled powders and result in from the repeated cold welding 

and fracture of powder during milling. Figure 4.08 shows typical plane-view bright-field TEM 

(BF-TEM) images, selected area electron diffraction (SAED) patterns, high-resolution TEM 

(HR-TEM) images and inverse-fast Fourier transform (i-FFT) images of selected areas of HR-

TEM images of pure un-milled and milled NiO powders at 03, 10 and 30 hrs. BF-TEM image 

of the pure NiO powder reveals a clear particle morphology with size varying between 40 and 

70 nm. The polycrystalline nature is evident from NiO diffraction rings in the SAED pattern. 

On the other hand, BF-TEM images of milled NiO powders confirm the presence of fine 

nanocrystalline microstructure with irregular morphology. In addition, the SAED patterns 

show diffraction rings, which could be indexed to fcc structure only and confirm the 

polycrystalline nature of the NiO particles. The average size of the crystals estimated from BF-

TEM and HR-TEM images at random locations decreases from 40-70 nm for the pure un-

milled NiO to about 14 nm and 11 nm after milling for 3 hrs and 30 hrs, respectively. The 

variations of TEM crystallite size of NiO exhibit almost a similar trend with that of XRD 

results. Nevertheless, the nanoscale powders exhibit irregular shapes with broad size 

distribution. In order to analyze the lattice parameter carefully, we have resolved the HR-TEM 

images by i-FFT method using a GATAN digital micrograph and shown as inset of all HR-

TEM images. The i-FFT images help to resolve the lattice fringes with the subsequent 

determination of inter-planar spacing of about 0.24 nm corresponding to the NiO(111) lattice 

plane. Thus, the analyses of both TEM and XRD observations are in good agreement with each 

other and these structural modifications in NiO powders are expected to yield considerable 

changes in their physical properties. 

 

4.3.2. Vibrational properties 

As Raman scattering is considered to be one of the most effective tools for studying 

crystallinity and defects structure associated with the materials, Raman spectra were obtained 

for pure un-milled and milled NiO powders and depicted in Figure 4.09. Raman spectra were 

analyzed by curve fitting method with different band combinations to obtain the peak position, 

peak width and area under curves. The fitted curves are also shown in Figure 4.09. The 

commercially available NiO powder exhibits several bands above 300 cm-1. While the bands 

observed at 380-410 cm-1, 540-560 cm-1, 700-730 cm-1, 900 cm-1 and 1050-1110 cm-1 could be 
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correlated to one-phonon (1P) transverse optical (TO), 1P longitudinal optical (LO), two-

phonon (2P) TO, 2P LO+TO and 2P LO of vibrational origin, respectively, the band around 

1450 cm-1 is due to two-magnon (2M) scattering associated with Ni2+-O2--Ni2+ super-exchange 

interaction.  

 
Figure 4.09: (a-f) Room temperature Raman spectra of pure un-milled and milled NiO powders 

at different tm. All the modes are marked in (a). The variations of 2P TO (g) and 2P LO (h) 

modes with average crystal size (D) for NiO powders. 
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Although the perfect cubic and rhombohedral structured NiO should not show 1P LO 

band, which is generally attributed to the disordered induced defects, surface effects, 

imperfectness of the particles size and shapes [ULMA2007], the existence of a weak 1P LO 

band was observed in NiO by many groups [WANG2002, LUML2011] including for single 

crystal like particles [ULMA2007]. Therefore, the observation a weak 1P LO band in pure NiO 

is assumed to be typically good quality NiO crystals. In addition, the presence of 2M band 

confirms that the pure un-milled NiO power exhibits AFM state at room temperature. On the 

other hand, with increasing tm, the 2M band decreases dramatically for tm = 0.25 and disappears 

within the detection limit of the system even for the powders milled for 0.5 hrs. This may be 

attributed to breaking of Ni2+-O2--Ni2+ super-exchange interaction due to either defects or size 

reduction induced by the ball milling process. Cazzanelli et al [CAZZ2003] studied vibrational 

and magnetic excitations in NicMg1-cO solid solutions and observed that a large decrease in 2M 

band intensity upon dilution with Ni ions. This lowers local symmetry at the Ni2+ sites and the 

dependence of the 2M band in solid solutions on the composition and temperature is consistent 

with their magnetic phase diagram.  

Similarly, Ulmane et al [ULMA2007] and Gandhi et al [GAND2011] observed a large 

decrease in 2M band intensity with decreasing crystal size and attributed to the decrease of 

AFM spin correlations. This suggests that the decrease and disappearance of 2M band intensity 

in milled NiO powders is due to the decrease of Ni2+-O2--Ni2+ spin correlation length both by 

defects and size reduction. At the same time, the 1P LO band becomes clearly pronounced and 

broadened with decreasing crystal size. This could be attributed to induced defects, surface 

effects and imperfectness of particle shape and sizes caused by the milling process as evident 

from Figures 4.07 and 4.08. On the other hand, the phonon bands of the Raman spectra exhibit 

the following features: (i) The 2P TO+LO band displays a large decrease in its intensity with 

increasing tm up to 0.5 hrs and then disappears eventually for the rest of the milled NiO samples. 

(ii) The 2P TO and 2P LO bands exhibit more broadening and the peak positions shift to lower 

value significantly. To understand the size dependent Raman vibration, the variations of 2P TO 

and 2 P LO bands as a function of crystal size were plotted in Figures 4.09(g) and (h). With 

decreasing crystal size, the phonon vibration frequency decreases considerably, which can be 

ascribed to size-induced phonon confinement, presence of defects in fine nanocrystals and 

surface relaxation effects caused by the lattice expansion as observed in Figure 4.06 

[YANG2008, PROE2011, DUAN2012]. 
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4.3.3. Electronic properties 

In order to understand the chemical composition of pure un-milled and as-milled NiO powders, 

XPS survey spectra and Ni 2p, O 1s and C 1s spectra were obtained for both pure un-milled 

and milled NiO powders and depicted in Figures 4.10 and 4.11. In the survey spectra, the 

presence of Ni, O and its satellite peaks and C is observed. Ni 2p spectrum of pure NiO powder 

[see Figure 4.10(b)] displays five fitted peaks in two regions: Ni-2p3/2 (848-867 eV) and Ni-

2p1/2 (867-885 eV) spin-orbit levels. The Ni-2p3/2 and Ni-2p1/2 peaks are observed at 854.4 eV 

and 873 eV, respectively along with their satellite peaks at 861.6 eV and 879.8 eV. 

 
Figure 4.10: (a,c) Wide scan survey XPS spectra and (b,d) Ni 2p XPS spectra for pure un-

milled and 30 hrs milled NiO powders. 

 

The value of binding energy difference between Ni-2p3/2 and Ni-2p1/2 peaks is about 18.6 

eV, which confirms the dominance of NiO [UHLE1992]. The NiO satellite peaks may arise 

due to various causes such as multi-electron excitations, multiple scattering or surface plasmon 

loss [SANZ1996]. In addition, Ni 2p spectrum exhibits a shoulder shifted by 1.8 eV toward 

higher binding energies from the main line, whose interpretation is still controversial 

[PRED2008]. Soriano et al [SORI2007] reported that the main line intensity comes from the 

Ni atoms octahedrally coordinated in the bulk, while the part of the intensity of the shoulder 
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labelled as surface + non-local comes from the pyramidally coordinated Ni atoms at the NiO 

surfaces. Peck et al [PECK2012] compared the XPS spectra of nanoscaled and bulk NiO and 

showed that the shoulder peak exists for bulk and nanoscale NiO down 5 nm. The shoulder 

peak has been reported to contain a partial contribution from surface states [GROS2006, 

MOSS2011]. On the other hand, Jing et al [JING2015] proposed the observation of such peak 

as one of the satellite peaks of Ni-2p3/2. Recently, Rajagopal Reddy et al [RAJA2016] reported 

that the observation of peak at 856.2 eV is due to Ni3+, as Ni2+ ions oxidize to Ni3+ ions to 

maintain neutral charge [JIAN2002]. To understand the origin of the shoulder in details, the 

detailed O 1s and C 1s spectra of the bulk NiO are recorded between 522 eV and 540 eV, and 

between 275 eV and 300 eV, respectively and shown in Figure 4.11. We observed two distinct 

peaks at 530.1 and 531.8 eV specifically related to the typical Ni-O bonds from Ni2+ and Ni3+, 

respectively [ZHAO2009, RAJA2016, YOON2016, ADHI2017]. The signal from the former 

Ni-O is stronger than the latter, which suggests that Ni2+ is the dominant species [LIUC2016]. 

The C 1s spectrum reveals three peaks at 284.8, 286.4 and 288.6 eV, which are due to 

adventitious carbon species corresponding to the C-C, C-O and OH-C=O bonds, respectively. 

 
Figure 4.11: (a,c) O 1s XPS spectra and (b,d) C 1s XPS spectra for pure un-milled and 30 hrs 

milled NiO powders.  
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On the other hand, the milled NiO powders exhibit significantly different features in Ni 

2p, O 1s and C 1s spectra, despite having similar survey spectrum. For instance, the binding 

energy difference between Ni-2p3/2 and Ni-2p1/2 peaks increases slightly to 20.2 eV and the 

peaks of Ni 2p are broadened. Importantly, the signal from Ni3+ peak at 857 eV enhances 

largely at the expense of Ni2+ peak intensity at 854.6 eV. This clearly supports the presence of 

non-stoichiometry in the milled samples due to decrease in Ni2+-O2--Ni2+ spin correlation length 

caused by defects and size reduction. This is further supported from O 1s spectrum, where the 

signal from O-Ni bond of Ni2+ decreases and Ni3+ increases largely after the milling process. 

In addition, we observed additional peak at 533.6 eV, which can be ascribed to adsorbed water 

on the surface. The C 1s spectrum of milled NiO powders shows four peaks at 285.1, 285.8, 

287.4 and 288.8 eV that are due to C-C, formation of C-O, C=O and OH-C=O bonds, 

respectively. The relative intensities of the peaks strongly depends on the milling conditions. 

These results are in very good agreement with vibrational properties. 

 
Figure 4.12: Room temperature (a) initial magnetization curves and (b) M-H loops of pure un-

milled and milled NiO powders at different tm. Inset shows the expanded view of M-H loops 

close to origin. 

 

4.3.4. Magnetic properties 

Figure 4.12 depicts room temperature initial magnetization (IM) curves and magnetic 

hysteresis (M-H) loops and expanded version of M-H loops close to origin (inset) for pure un-
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milled and milled NiO powders at different tm. It is observed that (i) pure un-milled NiO powder 

exhibits a weak response to applied field due to its AFM nature and M-H loop passes through 

the origin. (ii) On the other hand, the milled NiO powder exhibits different nature of response 

to the applied field, i.e., the magnetization increases moderately at lower applied fields and 

then shows a gradual increase at higher applied fields. The rate of increase in the magnetization 

at lower field increases progressively with increasing tm up to 30 hrs and then decreases slightly 

with increasing tm > 30 hrs. (iii) M-H loops are shifted slightly to negative axes (see inset of 

Figure 4.12(b)), but the amount of shift decreases with increasing tm.  

 
Figure 4.13: The variations of (a) magnetization obtained at 12 kOe (M12kOe) and maximum 

change in dM/dH and (b) coercivity (HC) as a function of tm. (c) The variations of MFM derived 

from eqn.(4.05) and HE as a function of average crystal size (D). The solid lines passing through 

the data are the best fit to eqns.(4.06) and (4.07). 
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These results reveal that there are two possible magnetic components associated with the 

magnetization reversal process. As the bulk NiO powder exhibits a clear AFM nature and the 

milling of NiO powders produces defects and size reduction with the lattice expansion, the 

two-component nature can be ascribed to an easily magnetizing component at low-field regions 

and a non-saturating component responsible for a linear variation in the high-field region. 

These components can be extracted by fitting IM curves by eqn.(4.05) 

HHMHM AFMFM χ+= )()(  (4.05) 

where M(H) is the magnetization variation as a function of applied field (H), MFM is the 

magnetization due to easily magnetizing component, χAFM is AFM susceptibility. Figure 4.13 

depicts the extracted values of magnetization at 12 kOe (M12kOe), the maximum change in the 

magnetization with applied field in low-field region (dM/dH), coercivity (HC) as a function of 

tm, and the determined value of MFM from the eqn.(4.05) and the calculated values of exchange 

bias, HE [= (|HC+|-|HC-|)/2] plotted as a function of average crystal size. M12kOe increases 

regularly with increasing tm up to 30 hrs and then decreases slightly for tm > 30 hrs, resulting 

in a maximum in the curve at around 30 hrs of milling. Similarly, the value of dM/dH also 

increases with increasing tm up to 30 hrs and then decreases above 30 hrs of milling. On the 

other hand, HC of pure NiO, observed as zero due to its AFM nature, has increased significantly 

(~ 290 Oe) after milling. With increasing tm, HC decreases from 290 Oe to about 160 Oe after 

milling for 20 hrs and then remains almost constant for tm > 20 hrs. In order to understand any 

correlation between structural and magnetic parameters, the determined values of MFM from 

eqn.(4.05) and HE are plotted as a function of NiO crystal size in Figure 4.13(c). Interestingly, 

MFM increases gradually with decreasing crystal size up to 15 nm and then exhibits a large 

increase below 15 nm. The relationship between MFM and the crystal size has been closely 

approximated by using three-parameter empirical model [SEBE2003] as given in eqn.(4.06). 

( ) z
FM DyxDM /1.)( −+=  (4.06) 

where MFM(D) is the crystal size dependence of induced FM component, x, y and z are 

constants. The fitting of the experimental data yields the values of x, y and z as -31, 3.1 and 

1.7, respectively. On the other hand, HE decreases almost linearly with decreasing crystal size. 

This suggests that NiO transforms into induced FM at the expense of parent AFM behavior.  

To obtain the effect of crystal size, the variation of HE with crystal size was fitted to eqn.(4.07). 

DmHDH EE .)0()( +=  (4.07) 
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where HE(D) is size dependent exchange bias, HE(0) is size independent exchange bias 

component and m is a constant. The fitting of the experimental data provides HE(0) = -18.94 

Oe and m = 2.66 Oe/nm. 

 
Figure 4.14: Energy dispersive X-ray spectrum for (a) pure un-milled and milled NiO powders 

at (b) tm = 5 hrs and (c) tm = 30 hrs. 

 

To understand the origin of the observed FM in the milled NiO powders, we correlate 

both the structural and magnetic properties. In pure un-milled NiO (pale green colored) powder, 

spins within AFM coupled (111) planes are compensated as shown in Figure 2.01(b) and hence 

do not contribute to net magnetic moment [KODA1997, THOT2007, ULMA2007, 

TH-1784_10612115



Chapter 4: Properties of NiO powders . . .

 

97 
 

WINK2008]. Therefore, the M-H loop of un-milled NiO powder exhibits a weak response to 

the applied magnetic field and passes through origin. It is well-known that ball milling process 

promotes large size reduction and massive defects including the creation of vacancies in NiO. 

Structural analysis confirmed that the values of D decrease and, η and V increase with 

increasing tm. In addition, pale green color of the pure un-milled NiO changed into dark green 

with milling, which can be related to the development of non-stoichiometric in NiO powders 

induced by the defects, size reduction and oxidization of Ni2+ into Ni3+ [AHMA2006]. This 

influences a change in the magnetic properties as follows: With increasing tm, the Ni2+-O2--Ni2+ 

super-exchange interaction diminishes due to defects and size reduction as evidenced from 

Raman and XPS spectra results and the number of uncompensated spins on the surfaces with 

respect to particle core increases [PECK2011]. This leads to an alignment of particles’ net 

moment in a relatively low magnetic field. Under this circumstance, the exchange coupling 

between the induced FM at the surface and the spins of AFM core instigates the exchange bias 

effect. In addition, the formation of structural disorder due to the formation of defects (oxygen 

vacancies) also induces the net magnetization. Therefore, the magnetization of nanostructured 

NiO increases as expressed in eqn.(4.06) and the exchange bias effect decreases with 

decreasing crystal size as seen through eqn.(4.07). Furthermore, the lattice expansion in 

presence of defects and broken bonds, and possible surface anisotropy play a crucial role in 

controlling the Ni2+-O2--Ni2+ super-exchange interaction and magnetic exchange interaction 

between uncompensated surfaces spins and particle core spins. These results confirm a good 

correlation between structural, vibrational, electronic and magnetic properties of NiO powders. 

To further confirm the origin of the induced FM and to rule out any expected impurities 

contribution, magnetic structure, chemical bonding state and chemical compositions were 

analyzed using 57Fe Mössbauer spectroscopy, XPS and EDS, respectively. In addition, the as-

milled NiO powders at different tm were annealed systematically at high temperatures under air 

atmosphere. The presence of impurities could not be detected in the magnetic structure using 
57Fe Mössbauer spectroscopy, chemical bonding using XPS (see Figures 4.10 and 4.11) and 

composition analysis using EDS (see Figure 4.14) at least to the detection limit of these 

techniques. As shown in Figures 4.10 and 4.11, XPS spectra of milled NiO powders reveal the 

existence of a mixed valency state of Ni supporting the presence of non-stoichiometry in the 

milled NiO powders [JIAN2002, GROS2006, MOSS2011, RAJA2016]. Figure 4.15 depicts 

M-H loops of pure NiO, milled NiO powders at different tm and annealed NiO powders at 

different temperatures (TA). M-H loops of pure un-milled and annealed NiO powders exhibit 
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almost a similar nature, i.e., a weak response to applied field due to its AFM nature and M-H 

loop passes through the origin. On the other hand, with increasing TA for the as-milled powders, 

the magnetic moment reduces largely.  

 
Figure 4.15: Room temperature M-H loops of (a) pure un-milled NiO powder and NiO powders 

milled at 60 hrs and annealed at different TA for 3 hrs and (b) pure un-milled NiO powder and 

milled NiO powders at different tm and annealed at 600 °C for 3 hrs. 

 

To understand the effect of milling condition systematically, we have annealed the NiO 

powders milled at different tm and displayed in Figure 4.15(b). The extracted values of M12kOe 

for milled and annealed NiO powders are shown as a function of TA in Figure 4.16. It is clear 

from the Figure 4.16 that the value of M12kOe decreases from 0.59, 1.08 and 0.99 emu/g to 0.25, 

0.39 and 0.5 emu/g for 5, 30 and 60 hrs milled NiO powders, respectively after annealing at 
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600 °C. The rate of decrease in magnetization with TA strongly depends on the milling 

conditions, which can be related to the release of accumulated strain (defects), reduction of 

Ni3+ into Ni2+ [TADI2014] and increase in average value of D with annealing.  

 
Figure 4.16: The variations of M12kOe as a function of annealing temperature (TA) for pure un-

milled and milled NiO powders annealed at different TA. 

 
Figure 4.17: Room temperature XRD patterns of pure un-milled NiO powder and NiO powders 

milled at 60 hrs and annealed at different temperatures (TA) for 3 hrs. 

TH-1784_10612115



Chapter 4: Properties of NiO powders . . .

 

100 
 

To study the effect of annealing on the structural properties of annealed powders, we have 

obtained XRD patterns for the annealed NiO powders and shown in Figure 4.17. It is observed 

that the peak width in the XRD patterns of the annealed powders reduces progressively up to 

300 °C, but decreases considerably with increasing TA > 300 °C. The decrease in the peak width 

with increasing TA in the annealed powders can be correlated to the growth of the NiO crystals 

and the relaxation of strain accumulated in the as-milled powders. In order to evaluate the 

structural refinement carefully, XRD patterns were analyzed using MWHP and the determined 

values of D and η are plotted as a function of TA in Figure 4.18.  

 
Figure 4.18: Variations of average crystallite size (D) and effective strain (η) with TA for milled 

and annealed NiO powders. 

 

The values of D increase gradually from 10.8 nm to 12.6 nm with increasing TA up to 300 

°C and then exhibit a large increase at a rate of 0.039 nm/°C above 300 °C. On the contrary, 

the variation of η with TA displays two different regimes: (1) the values of η decrease largely 

from 0.25 % to 0.079 % up to 300 °C and then (2) decreases gradually from 0.079 % to 0.029 

% with increasing TA from 300 °C to 800 °C. These results confirm that the annealing process 

not only reduces the strain revealing that the dislocations/defects in the annealed powder 

decreases with increasing TA, but increases D significantly with increasing TA. NiO powder 

annealed at 800 °C exhibits the average crystallite size of about 31 nm. These results confirm 

that the observed FM properties in NiO powders are intrinsic one, i.e., the magnetization of the 
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as-milled powder decreases largely due to the release of strain (defects), reduction of Ni3+ to 

Ni2+ [HONG2006, TADI2014] and increase in the value of D with annealing. These processes 

eventually transform the induced FM into AFM nature in the annealed NiO powder with 

increasing D. This is in good agreement with the earlier reports by Thota et al [THOT2007] 

that magnetism of the NiO particles at room temperature changes from FM to AFM nature with 

increasing particle size. Nevertheless, the relative reduction in magnetization of annealed 

powders strongly depends on the milling conditions and the release of strain accumulated in 

the milled powders. 

 
Figure 4.19: Low temperature M-T data of milled NiO powders at different tm and measured 

under different applied magnetic fields. 

 

To understand the effect of temperature and magnetic field on the magnetic properties of 

NiO powders milled at different tm, low temperature M-T measurements at different constant 

applied fields under ZFC and FC conditions were performed in the temperature range between 

2 K and 400 K. In these measurements, the sample was initially cooled down to 2 K under zero 

applied magnetic field. Then a probing constant DC magnetic field was applied to measure the 

magnetization as a function of temperature during warming process up to 400 K (ZFC process). 

Subsequently, the sample was cooled in the same constant applied field down to 2 K and then 
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the magnetization was recorded as the sample was heated to 400 K (FC process). Figure 4.19 

displays normalized magnetization [M(T)/M399K] as a function of temperature for the NiO 

powders milled at 1, 5, 30 and 40 hrs measured under ZFC (MZFC) and FC (MFC) conditions at 

different applied magnetic field of 0.1, 0.5, 2 and 5 kOe. A bifurcation (Tbifur) between the MZFC 

and MFC was observed at around 390 K for all the samples measured at low applied magnetic 

fields. Interestingly, the value of Tbifur shifts to low temperature with increasing applied field. 

It is generally accepted that the existence of Tbifur indicates a broader magnetic moment 

distribution, which originates from the broad size distribution of the crystals [ZYSL2000, 

DEBI2002, WINK2005, DELB2008]. In addition, MZFC curve presents two peaks: (i) a broad 

peak centered at a temperature below the Tbifur and (ii) another sharp peak at very low 

temperature below 10 K. These two peaks in the MZFC curve corresponds to two types of 

blocking processes, i.e., the peak (Tbroad) below Tbifur can be attributed to the thermal relaxation 

of uncompensated spins, while the sharp peak at low temperature (Tfz) represents the freezing 

of disordered surface spins. A careful review of the literature revealed that Tfz depends on the 

size of the particles. Peck et al [PECK2011] reported only the observation of paramagnetic tail 

without any sharp Tfz at low temperature for the NiO nanoparticles of size around 18 nm. Duan 

et al [DUAN2012] reported that the values of Tfz as 10.4 K for 12.4 nm sized NiO. Meneses et 

al [MENE2010] obtained a Tfz of 11 K for NiO nanoparticles with the size of 5.8 nm. Similarly, 

Winkler et al [WINK2008] also observed a slightly higher Tfz of 17 K for 3 nm NiO powder. 

On the other hand, Meneses et al [MENE2010] and Tadic et al [TADI2011] reported a lower 

value of Tfz of 9 K and 6.5 K for 5.8 nm NiO nanoparticles dispersed in polyvinyl pyrrolidone 

and 3 nm NiO nanoparticles embedded in Silica matrix, respectively. The value of Tfz in Figure 

4.19 are found to be 8.4 K, 9.7 K, 10.2 K and 11.1 K for the NiO powders milled at 14.4 nm, 

11.5 nm, 11 nm and 10.8 nm, respectively. This is in close agreement with the results reported 

in literature indicating that the size dependent surface states of the fine NiO powders have 

significant effects on the freezing of the surface spins, i.e., the fraction of atoms lying on the 

surface of the powders increases with decreasing crystallite size. This leads to an increase in 

surface disorder with decreasing crystal size and accounts for increased value of Tfz with 

decreasing size. On the other hand, MFC data are observed to increase gradually with decreasing 

temperature down to about 35 K for all the samples measured at different applied fields and 

then exhibit rapid increases in magnetization down to 4.2 K, which could be attributed to the 

surface spin freezing. Interestingly, none of the samples show any peak in MFC curves under 

FC process, which is again in good agreement with the earlier reports [GHOS2006, 

MENE2010, PECK2011, TADI2011, ULMA2011]. With increasing the magnitude of applied 
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field, the difference between MZFC and MFC data decreases up to 2 kOe. On further increasing 

the field to 5 kOe, both MZFC and MFC data follow almost a similar variation with decreasing 

temperature. 

 
Figure 4.20: Plots of (a) Tbifur versus H2/3 and (b) Tfz versus H2/3 for the milled NiO powders at 

different tm. The solid lines (in (a)) show linear fits to the data using eqn.(4.08) with R2 of 0.995, 

0.9986, 0.9991, 0.9982 for tm = 1, 5, 30 and 40 hrs, respectively. 

 

To elucidate the nature of magnetism and reason for the freezing of particle magnetic 

moments, the field dependent values of Tbifur and Tfz were plotted as a function of field in Figure 

4.20 with de Almedia-Thouless (AT) line [ALME1978, YIJJ2008] described by eqn.(4.08).  

( ) 5.1/1)( sgbifurAT TTTH −∝  (4.08) 

It is clearly seen that Tbifur decreases with increasing applied field and compliance with the AT 

line. This is considered to be a supportive evidence for the existence of spin glass like phase in 

the presently investigated samples. This could be described as follows: As evident from the 

Raman spectra (Figure 4.09), the exchange interaction between two neighboring Ni2+ ions in 

bulk NiO is mediated by an oxygen ion, which results in 2M scattering associated with Ni2+-
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O2--Ni2+ super-exchange interaction. With increasing tm, the 2M band disappears due to either 

size reduction or defects, which create vacancies. For instance, if an oxygen ion misses from 

the surface, the exchange bond would be broken and the exchange interaction energy would be 

reduced. Furthermore, the average coordination number of Ni2+ ions at the surface changes 

than that in the bulk, which results in a distribution of exchange energies for the surface spins 

and color change of the powder due to non-stoichiometric in NiO [AHMA2006]. This gives 

rise to surface spin disorder and frustration leading to a spin glass phase in the presently 

investigated samples [KODA1997, MART1998, PECK2011]. In contrast, the variation of Tfz 

with the applied field does not follow AT line. This could be attributed to the different rate of 

change of Tfz with field upon decreasing the size of the NiO crystals [TIWA2005, THOT2007] 

with increasing tm. 

 
Figure 4.21: Temperature dependent M-H loops of pure un-milled NiO and milled NiO 

powders at different tm measured under ZFC and FC conditions. 

 

To study the effects of structural refinement on the magnetic properties, M–H loops were 

measured at different temperatures between 30 K and 300 K under ZFC and FC (cooled under 

500 Oe applied field) conditions. Figure 4.21 shows expanded view of typical M-H loops 

measured under ZFC and FC conditions for pure un-milled NiO and milled NiO powders 

milled at 5, 30 and 40 hrs. It is observed that pure NiO powder exhibits a weak response to 

applied field due to its AFM nature and the shape of the loops measured under ZFC and FC 
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conditions does not change with temperature. Similarly, while the loop shape of the milled 

powders does not change with temperature, the applied field of 14 kOe is not enough to saturate 

the loops. However, the variation of HC and area under the loop increases considerably with 

decreasing temperature. A careful observation of the loop nature suggests that NiO powders 

exhibit more shift towards negative axis with decreasing temperature under FC condition.  

 
Figure 4.22: The variations of HC and HE as a function of temperature for pure un-milled and 

milled NiO powders under ZFC and FC conditions. 

 

In order to understand the effect of temperature and FC on various magnetic parameters, 

the values of HC and HE are extracted from Figure 4.21 and plotted as a function of temperature 

in Figure 4.22. HC(T) of the milled NiO powders increases with decreasing temperature and 

the amount of increase in HC strongly depends on the size of the NiO crystal and measurement 
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conditions. On the other hand, the variations of HE(T) obtained under ZFC conditions exhibit 

weak dependence on temperature, i.e., HE increases gradually with decreasing temperature and 

exhibits a maximum of about 24 Oe at 30 K. In contrast, the FC conditions show larger 

variations with decreasing temperature particularly at low temperatures below 200 K, where 

the spin glass like behavior was observed for these powders. NiO powder milled at 30 hrs 

displays a maximum HE of about 80 Oe at 30 K. This could be related to the fact that FC 

condition promotes additional anisotropy between freezing surface spins and compensated 

spins at the core due to the existence of spin glass phase. These results are in good agreement 

with the results of low temperature M-T data. 

 
Figure 4.23: High temperature M-T data of pure un-milled and milled NiO powders at different 

tm and measured under the applied magnetic field of 2 kOe. 

 

To study the stability of induced FM behavior due to size and defects, high temperature 

M-T curves were measured at 2 kOe applied field with a heating rate of 4 °C/min from 300 K 

to 1100 K and depicted in Figure 4.23. For pure un-milled NiO powder, magnetization 

increases gradually with increasing temperature up to 525 K and then decreases above 525 K. 

Since, the pure NiO powder exhibits AFM nature at room temperature, the Néel temperature 

(TN) is determined from the peak in M-T curve and found to be about 525 K. This is in good 

agreement with the earlier reports [THOT2013, MONT2016]. On the other hand, NiO powders 
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milled for different tm exhibit enhanced magnetic moment, which is nearly constant close to 

room temperature regime and then decreases with increasing temperature. While the powder 

milled at 0.25 hr display a broad hump around 530 K, the NiO powders milled for more than 1 

hr exhibit a continuous decrease in magnetization with increasing temperature. The 

temperature at which the magnetization becomes zero shifts to higher temperature with 

increasing tm up to 30 hrs and then decreases slightly for tm > 30 hrs. The thermal derivative of 

M-T data exhibits two minima: one close to TN and another broad minimum around 780 K. This 

clearly supports the existence of two magnetic phases in milled NiO powders. Although the 

high temperature phase transition (TC) should be associated with the Ni due to the formation of 

uncompensated surface spin, the value of TC is considerably large as compared to its bulk 

counterpart (~ 630 K) [DAVI2000, LEGE2011]. This could be correlated to the stress induced 

during the ball milling process [LEGE1972, GORR2009] or strains due to the Ni and NiO 

lattice-constant mismatch arising at the interface and competing exchange interaction between 

the induced FM and AFM core. The presence of stress is evident from non-smooth decrease of 

magnetization in M-T curves, which acts more like hydrostatic one and hence increases TC 

[LEGE1972]. Interestingly, such high TC (~ 750 K) has also been reported in Ni/NiO system 

[FEYG2010] and Ni doped TiO2 system (~ 820 K) [BAHA2012]. 

 

4.3.5. Resonance properties 

EPR spectroscopy is a suitable technique for studying the materials with defects and states with 

unpaired electrons. As the presently investigated samples exhibit high defects due to ball 

milling process and to understand the effect of nanostructure, EPR measurement was carried 

out on all samples and displayed in Figure 4.24. It is seen that pure un-milled NiO and milled 

NiO powders exhibit different nature of spectra. While the pure NiO displays spectrum with 

large broadening and reduced intensity due to AFM nature [YIJB2007, SHIM2008, 

LYUK2010, ZHAN2016] associated with Ni2+-O2--Ni2+ super-exchange interaction at larger 

D, the milled NiO powders exhibit resonant peaks at low fields. To understand the peak shift 

more in details, the extracted value of peak position is plotted as a function of D in the inset of 

Figure 4.24. As D decreases from 39 nm to 25 nm, the resonant peak position decreases 

dramatically. With a further decrease in D, the resonant peak position varies sluggishly. The 

large decrease in resonant peak position indicates possible FM signature in the materials 

[SRIN2011, ZHAN2016]. It may be noted that EPR signal of most bulk AFM materials 

disappears due to the effect of very strong exchange fields, which require resonance frequency 

higher than EPR GHz region.  
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Figure 4.24: EPR spectra of pure un-milled and milled NiO powders at different tm. Inset: The 

plot of resonant peak as a function of crystal size (D).  

 

Therefore, the appearance of EPR signal in the presently investigated samples can be 

correlated to one or more of the following mechanisms: (i) formation of uncompensated spins 

on the surface of the crystal due to size reduction and defects [WINK2008, PROE2011] (ii) 

creation of a spin glass like shell on the crystal surface [KENN1987, TIWA2005], (iii) size 

effect which substantially changes Néel point [NEEL1962, RINA2014] and number of 

uncompensated spins on the surface [KODA1997, DELB2008, MAKH2008], (iv) the 

formation of a weak magnetic moment caused by the canting of the magnetic sublattices 

[ZYSL1994, KODA1997] and (v) extraneous ferromagnetic impurities in the sample. A 

comparison between EPR signal, vibrational and temperature dependent magnetic 

measurements suggests that the formation of EPR signal could be attributed to the existence of 

uncompensated spin on the surface of NiO crystals due to defects and size reduction, which 

provides supportable explanation for both temperature and field dependent magnetic 

properties. Therefore, it has been established that EPR signals are found to be affected by the 

milling process, which modifies the surface nature of the powders due to defects and size 

effects. 

 

TH-1784_10612115



Chapter 4: Properties of NiO powders . . .

 

109 
 

4.3.6. Optical properties 

To extend the effect of size reduction on optical properties, room temperature 

photoluminescence spectra were recorded and depicted in Figure 4.25(a). Two major peaks 

(363 and 396 nm) at UV-blue band were observed for pure un-milled NiO powder. While the 

first peak located at 363 nm (Eg~3.42 eV) is corresponding to near band emission due to 

recombination of excitons, the peak observed at 396 nm can be ascribed to band transition of 

Ni2+ from 3A2g to 3T1g(G) [VOLK2001]. In addition, there exists a blue-shift for 363 nm peak 

with decreasing D. This could be correlated to possible quantum size effect. To study the effect 

of crystal size on the bandgap (Eg), Eg values are determined from the photoluminescence 

spectra and plotted against D in Figure 4.25(b). Eg increases gradually with decreasing crystal 

size from 39 nm to 20 nm and then exhibits a larger increase at lower crystal size.  

 
Figure 4.25: Room temperature (a) Photoluminescence spectra and (b) variation of band gap 

energy with average particle size (D) for pure un-milled and milled NiO powders. 

 

The variation of Eg as a function of D is fitted to a model proposed by Kayanuma 

[KAYA1988]. Although the variation of Eg follows a similar trend with Kayanuma model, Eg 

values are considerably smaller than those predicted by Kayanuma. The dependence of Eg on 

D is varying as 

( ) D
g eDE )4(245.0)3(94.0)9(425.3 −+=  (4.09) 

in whole range, where the value of 3.425(9) eV denotes the Eg of bulk NiO powder [IRWI2008] 

and the values quoted within parenthesis represent error in determining the parameters.  
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The above results suggest that the NiO powders prepared by ball milling process having 

cubic structure, induced ferromagnetism at room temperature, high TC and tunable optical 

properties could facilitate integration of spintronic devices. 

 

4.4. Summary 

A systematic study on the evolution of structural, vibrational, electronic, magnetic, resonance 

and optical properties of pure and milled NiO powders prepared by ball mill process in a 

planetary ball mill under dry mill conditions and at argon atmosphere has been carried out as a 

function of different tm. The salient features of the NiO powders from the current investigations 

are as follows: 

 The ball mill process produces single phase face centered cubic nanocrystalline NiO 

powders with the average crystallite size of nanometer range (around 11 nm). The 

lattice volume increases almost linearly with inverse of crystallite size. Microstructural 

studies reveal that the agglomeration of fine particles increases with increasing tm and 

the nanocrystalline powders exhibit irregular shapes with broad size distribution. The 

analyses of both TEM and XRD observations are in good agreement with each other. 

 Raman spectra reveal that two-magnon band associated with Ni2+-O2--Ni2+ super-

exchange interaction and observed in pure NiO powder disappears dramatically in 

milled NiO due to defects and/or size reduction. In addition, with increasing tm, 1P LO 

band broadens due to defects, 2P TO+LO band disappears, 2P TO and 2P LO bands 

broaden and shift to lower value of Raman shift due to size-induced phonon 

confinement. This changes the color of the powder from the pale green for pure NiO 

into dark green for milled NiO powders. 

 Electronic properties using XPS spectra confirm the existence of non-stoichiometry in 

the milled NiO powders, caused by the defects, size reduction, oxidization of Ni2+ to 

Ni3+ due to breaking of Ni2+-O2--Ni2+ super-exchange interaction. 

 Magnetic study reveals that pure NiO powder exhibits AFM nature, which transforms 

into FM gradually upon milling due to defects and size reduction. A maximum 

magnetization of 1.08 emu/g at 12 kOe applied field and a coercivity of about 160 Oe 

are obtained at room temperature for 30 hrs milled NiO powder. The exchange bias 

observed between the induced FM and AFM core decreases with decreasing NiO 

crystal size. 

 Low temperature magnetization in the temperature range between 4 K and 300 K 

exhibits two peaks corresponding to freezing of surface spin and spin glass like phase. 
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The presence of spin glass like phase verified through de Almedia-Thouless (AT) line 

plot provides additional anisotropy and enhances exchange bias under field-cooling 

condition.  

 High temperature magnetization in the temperature range between 300 K and 1000 K 

shows the presence of mixed magnetic phases for the initial period of milling and on-

set of ferromagnetic behavior with a well-defined magnetic phase transition at around 

780 K.  

 Resonance study discloses a close correlation between the EPR results and magnetic 

properties.  

 Optical studies reveal two major peaks at UV-blue band and blue-shift of peak (around 

363 nm) with decreasing the crystal size. The variation of bandgap of milled NiO 

powders almost follows the model proposed by Kayanuma.  

 Annealing of as-milled NiO powders results in a large reduction in magnetization, but 

the rate of reduction in magnetization strongly depends on the milling conditions. 

Furthermore, the annealing studies confirm the origin of FM as intrinsic one. 
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5.1. Introduction 

Wide band gap diluted magnetic semiconductors (DMS) have gained enormous attention 

recently as a promising route to realize semiconductor based spintronics. A successful 

fabrication of ferromagnetic (FM) DMS with Curie temperature (TC) above room temperature 

is considered to be one of the key approaches for the development of multifunctional spintronic 

devices in future [OHNO1998]. Sharma et al [SHAR2003] reported the first experimental 

evidence of showing room temperature FM in Mn doped ZnO. The recent studies on ZnO 

system revealed realization of room temperature FM in either pure nanostructured ZnO without 

transition metal doping or ZnO doped with non-magnetic ions such as C and K [HONG2007, 

AKBA2011, GHOS2011]. However, a careful review of the literature reveals contradictory 

results on the development of room temperature FM in pure ZnO system. Bartolomé et al 

[BART2007] showed that the preparation of ZnO based particles using ball milling technique 

resulted in a drastic reduction in the average size of the crystals without any induction of FM 

properties. Sanyal et al [SANY2008] reported that the ball mill processed ZnO did not show 

induced FM properties despite the creation of Zn vacancy during the ball milling process. On 

the other hand, Potzger et al [POTZ2008] reported an easy mechanical way to create FM 

defective ZnO and correlated to flake like structures in planar compressed pieces of the powder. 

Xing et al [XING2010] suggested that the oxygen vacancies induce characteristic 

photoluminescence and boost the room temperature FM in ZnO nanowires synthesized using 

a vapor transport method. Furthermore, Podila et al [PODI2010] reported the formation of 

room temperature FM in ZnO films depending on the sample preparation and annealing 

conditions. This was also supported by ab-initio calculations exploring the role of surface 

defects on the magnetic behavior of nanoscale ZnO. Banerjee et al [BANE2007] reported the 

enhancement of FM in pure ZnO powder upon thermal annealing due to the formation of 

clusters of oxygen vacancy. Very recently, Phan et al [PHAN2013] and Ghose et al 

[GHOS2013] proposed that mechanical milling can be used to produce induced defect-related 

FM in ZnO nanoparticles from initial diamagnetic ZnO powders. These studies revealed that 

the development of FM in un-doped ZnO was attributed to the defect density of either oxygen 

or zinc. However, there are no detailed reports summarizing the stability of FM above room 

temperature in ZnO powders at nanoscale and the size effect on the development of room 

temperature FM in correlation with structural, vibrational, electronic and resonance properties. 

Also, the report on magnetic materials demonstrated that TC can be enhanced moderately by 

introducing stress through ball milling process [GORR2009]. Furthermore, ZnO is an optically 

transparent II-VI semiconductor, electro-optical and well known piezoelectric material with 
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hexagonal wurtzite structure and exhibiting wide band gap (3.27 – 3.42 eV). Hence, it is 

expected to show possible size dependent properties. Therefore, in this chapter, we report (i) 

evolution of nanoscale ZnO powder with milling time, (ii) the effects of size reduction and 

defects induced during milling on the structural, vibrational, electronic, magnetic, resonance 

and optical properties of ZnO powders, (iii) the effect of annealing of milled ZnO powders at 

different temperatures to understand the origin of room temperature FM and (iii) correlation 

between the crystal structure, microstructure, vibrational, electronic, magnetic, resonance and 

optical properties of these ball milled powders and to explore the possibility to enhance their 

magnetic properties. 

 

5.2. Experimental details 

Weighed quantities of high purity ZnO (> 99.9%, Merck) powders, exhibiting hexagonal 

wurtzite structure and paramagnetism (PM) at room temperature, were taken in high energy 

planetary ball mill filled with high purity argon gas. The milling process of ZnO powders was 

carried out for different milling periods (tm) from 0.25 to 60 hrs using the mill operated at 500 

rpm with a ball-to-powder weight ratio of 10:1. The optimization of the milling speed and ball-

to-powder weight ratio was done mainly by analyzing the variation in the structural and 

magnetic properties of the ZnO powders. In order to avoid any local heating during milling and 

its influence on the resulting properties, the milling process was programmed to halt for 15 

minutes after every 15 minutes of operation. In addition, the milled powders were collected at 

regular intervals and characterized to monitor the evolution of nanostructure in ZnO powders. 

These powders collected at random intervals were also subsequently annealed at air atmosphere 

for 3 hrs at different annealing temperatures (TA). 

The phase evolution and crystal structure of ZnO powders were analyzed through X-ray 

diffraction (XRD) patterns obtained using high-power (18 kW) X-Ray diffractometer (Rigaku 

TTRAX III, Japan). XRD data were collected at a slow scan rate of 0.005°/s for analyzing the 

structural parameters as a function of tm. The changes in the surface morphology of the powders 

were observed using field emission scanning electron microscope (FE-SEM) and overall 

composition of the pure un-milled and milled powders was determined using energy dispersive 

spectroscopy (EDS, Oxford) attached to SEM unit. The microstructural properties of the pure 

un-milled and milled ZnO powders were analyzed using transmission electron microscopy 

(TEM, JEOL 2100 and TECNAI G2 F30) technique. Raman spectra were obtained using micro-

Raman spectroscopy (LabRam HR800, Jobin Yvon) using excitation wavelength of 614 nm at 
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room temperature. X-ray photoelectron spectroscopy (XPS) analysis was carried out in a 

standard ultrahigh vacuum surface science chamber consisting of a PSP vacuum technology 

electron energy analyzer (angle integrating ±10°) and a dual anode X-ray source with an Mg-

Kα source (1253.6 eV) at a base pressure of 2×10-10 mbar and energy resolution at full width 

at half maximum (FWHM) is about 0.8 eV. The spectrometer was calibrated using Au 4f7/2 at 

83.9 eV [ZHAN20121]. Magnetic properties of the pure un-milled and milled powders were 

characterized using vibrating sample magnetometer (VSM, LakeShore Model 7410) by 

performing (i) magnetic hysteresis (M-H) loops at different temperatures under zero-field-

cooled (ZFC) and field-cooled (FC) conditions and (ii) high-temperature thermomagnetization 

(M-T) under constant applied magnetic fields over a wide range of temperatures from 300 K to 

1100 K. Similarly, M-T measurements were also performed under ZFC and FC conditions in 

the temperature range between 2 K and 400 K at different constant applied fields using 

magnetic property measurement system with superconducting quantum interference device 

(SQUID, Quantum Design MPMS XL7) magnetometer. Room temperature electron 

paramagnetic resonance (EPR) measurements were carried out on a JEOL Spectrometer (JES-

FA200) operating at X-band frequency (ν =9.4 GHz) with 100 kHz magnetic field modulation 

in powder form. Steady state photoluminescence (PL) spectra were recorded by using a 312 

nm Xenon lamp excitation (AB2, Thermo spectronic). 

 
Figure 5.01: Room temperature XRD patterns of (a) pure un-milled ZnO powder and (b) milled 

ZnO powder for 40 hrs. 
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5.3. Results and discussion 

5.3.1. Structural properties 

Figure 5.01 displays typical room temperature XRD patterns of pure un-milled ZnO and 40 hrs 

milled ZnO powders. The pure un-milled ZnO powder exhibits Bragg reflections 

corresponding to hexagonal wurtzite structure. Similarly, the milled ZnO powder also exhibits 

hexagonal wurtzite structure without any impurity phases within the detection limit of X-ray 

diffractometer. A careful observation of the XRD peaks confirms that the sharp Bragg 

reflections observed in pure un-milled ZnO powders broadens along with a considerable shift 

in peak position towards a lower diffraction angle. While the first one suggests the formation 

of highly refined and strained ZnO powders, the latter one suggests a considerable change in 

the lattice parameter during the milling process.  

 
Figure 5.02: Room temperature XRD patterns of pure un-milled and milled ZnO powders at 

different tm. 

 

To understand the evolution of nanocrystalline microstructure systematically, we have 

obtained XRD patterns of milled ZnO powders collected at different tm between 0.25 and 60 

hrs. Figure 5.02 depicts the XRD patterns of ZnO powders milled at different tm. All samples 
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exhibit hexagonal wurtzite structure without any other impurity phases. With increasing tm, the 

peak broadening increases progressively along with the shift in peak position to lower angles. 

This can be attributed to the refinement of average crystallite size (D), instrumental broadening 

and strain (η) caused by the defects (ߩ) induced during ball milling process [DING2001, 

SURY2001].  

 
Figure 5.03: The variations of (a) average crystal size (D), strain (η) and (b) lattice constant (a 

and c) as a function of milling time (tm) for milled ZnO powders. 

 

To separate the individual contribution from D and η, XRD patterns were analyzed using 

modified Williamson-Hall Plot (MWHP) [UNGA1991, UNGA1992] as described in Chapter 
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04. Similarly, to study the effect of structural refinement on the lattice parameters, the lattice 

constant was calculated from XRD patterns using eqn.(5.01). 
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where θ is the peak position, λ (= 1.5406 Å) is the wavelength of the X-ray, h, k and l are Miller 

indices, a and c are lattice constants. The determined values of D, η, a and c for milled ZnO 

powders are plotted as a function tm in Figure 5.03.  

 
Figure 5.04: FE-SEM images of (a) pure un-milled ZnO and (b) milled ZnO powder at 40 hrs. 
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Figure 5.05: Bright-field TEM images and selected area electron diffraction patterns of (a) pure 

un-milled ZnO and milled ZnO powders at tm = (b) 5 hrs and (c) 40 hrs. 

TH-1784_10612115



Chapter 5: Properties of ZnO powders . . .

 

121 
 

It is clearly observed that with increasing tm, D decreases largely up to tm = 10 and then 

tends to remain constant upon subsequent milling. ZnO powders milled more than 10 hrs 

exhibit fine nanosized crystals with the size of around 12 nm. On the other hand, the strain 

increases drastically for tm up to 10 hrs and remains nearly constant up to 20 hrs. On further 

increasing tm, a slight decrease in strain was observed. This indicates that the formation of 

nanocrystalline microstructure with milling in pure ZnO powders. On the other hand, the lattice 

constant calculated from XRD peaks shows a slow increase up to 1 hr of milling and then 

decreases slightly for 3 hrs of milling. On further increasing tm, lattice constant increases largely 

up to 20 hrs and then exhibits weak dependence above 20 hrs of milling. This could be 

attributed to the formation of defect density along with size reduction with increasing milling 

periods. A slight increase in crystallite size and decrease in strain was observed for powders 

milled for 60 hrs, which can be correlated to the prolong milling. 

In order to understand the change in the surface morphology, the pure un-milled ZnO and 

milled ZnO powders were characterized using FE-SEM technique. Figure 5.04 displays the 

typical FE-SEM images of pure un-milled ZnO and milled ZnO powders at 40 hrs. A clear 

particle morphology with the average particle size of 0.1 to 1 μm is observed in pure un-milled 

ZnO powders. In addition, the shape of the particles is found to be quite random in nature. With 

increasing tm, the average particle size of the milled powders decreases considerably below 100 

nm. At the same time, the agglomeration of the fine particles increases to form aggregated 

particles, which are typical of ball-milled powders [SREC2008, ELIL2012]. This arises mainly 

from the repeated cold welding and fracture of powder during milling. Figure 5.05 shows 

typical plane-view bright-field TEM (BF-TEM) images and selected area electron diffraction 

(SAED) patterns for pure un-milled ZnO powder and milled ZnO powders at 5 and 40 hrs. BF-

TEM image of the pure ZnO powder exhibits a clear particle morphology with different size 

of the crystals ranging between 50 and 100 nm. The size and shape of the crystals are observed 

to be quite random, but the polycrystalline nature is evident from ZnO diffraction rings in the 

SAED pattern. Similarly, BF-TEM images of milled ZnO powders confirm the presence of fine 

nanocrystalline microstructure with irregular morphology. In addition, the SAED patterns 

show diffraction rings, which could be indexed to hexagonal wurtzite structure only and 

confirm the polycrystalline nature of the ZnO particles. The average size of the crystals 

estimated from BF-TEM images at random locations decreases from 50-100 nm for the pure 

un-milled ZnO to about 13 nm and 11.5 nm after milling for 5 hrs and 40 hrs, respectively. The 

variations of ZnO crystallite size observed using TEM show almost a similar trend with that of 
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XRD results. Nevertheless, the nanoscale powders exhibit irregular shapes with broad size 

distribution. Thus, the analyses of both TEM and XRD observations are in good agreement 

with each other and these structural modifications in ZnO powders are expected to modify 

physical properties. 

 
Figure 5.06: (a-f) Room temperature Raman spectra of pure un-milled (a) and milled ZnO 

powders (b-g) at different tm. All the modes are marked in (a and b). (h) The development of 

A1(LO) and E1(LO) modes is shown distinctly for the ZnO powders. 
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5.3.2. Vibrational properties 

To study crystallinity and defects structure associated with the milled powders [WANG20061, 

SING2010], Raman spectra were obtained for pure un-milled and milled ZnO powders and 

shown in Figure 5.06. Raman spectra were analyzed by curve fitting method with different 

band combinations to obtain the peak position, peak width and area under curves. The fitted 

curves are also shown in Figure 5.06. As well-documented in literature [CALL1977, 

OZGU2005, CUSC2007, WANG2007, TAPI2010], wurtzite ZnO belongs to the space group ܥ଺జସ  with 2 formula units in the primitive cell and the zone-center optical phonons can be 

classified according to the irreducible representations: Γ௢௣௧ = ଵܣ + ଶܧ2 + ଵܧ +  ଵ. The B1ܤ2

modes are silent modes. The A1 and E1 modes are polar modes, both Raman and infrared active, 

and each split into transverse-optical (TO) and longitudinal-optical (LO) components with 

different frequencies. The nonpolar E2 modes have two frequencies: E2 (high) and E2 (low) 

associated with the motion of oxygen (O) atoms and vibration of the zinc (Zn) sublattice, 

respectively [MEAD1997, CUSC2007, TAPI2010].  

As shown in Figure 5.06(a) for pure un-milled ZnO, a major peak was observed at 438 

cm-1, which is assigned to the E2 (high) (E2H) mode. Smaller peaks were also observed at around 

330, 381, 543, 581 and 660 cm-1, which could be assignable to the E2H-E2L, A1(TO), A1(LO), 

E1(LO) and 2(E2H-E2L) modes, respectively [OZGU2005, SAMA2006, CUSC2007, 

TAPI2010, KHAN2014, KURI2014, BECH2015, MELO2016]. With increasing tm, the E2H 

mode at 438 cm-1 decreases drastically and broadens asymmetrically. On the other hand, the 

weak existence of A1(LO) and E1(LO) modes in pure ZnO powders becomes more prominent 

for the milled ZnO powders. This could be attributed to the existence of various defects (surface 

and bulk defects) caused by the oxygen vacancies, Zn interstitial defect states, size effects, 

lower crystallinity, etc [ALAR2006, VOJI2008, PHAN2010, PARA2012, CHOI2015, 

MELO2016]. In addition, A1(LO) and E1(LO) modes shifts appreciably towards lower 

frequencies as tm increases. This is in good agreement with the XRD results, which revealed 

that the c-axis length increases in ball milled ZnO powders. The expansion of the unit cell 

implies elongation of respective bonds along c-axis, leading to weakened force constant and 

thus softened mode of the phonons with lower vibration frequency. These results clearly 

support that the ball milling process induces defects and size reduction in ZnO powders with 

increasing tm.  
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Figure 5.07: (a,c) Wide scan survey XPS spectra and (b,d) Zn 2p XPS spectra for pure un-

milled and 40 hrs milled ZnO powders. 

 
Figure 5.08: (a,c) O 1s XPS spectra and (b,d) C 1s XPS spectra for pure un-milled and 40 hrs 

milled ZnO powders.  
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5.3.3. Electronic properties 

In order to understand the chemical composition of pure un-milled and milled ZnO powders, 

XPS survey spectra, Zn 2p, O 1s and C 1s spectra were obtained for both pure un-milled and 

milled ZnO powders. Figures 5.07 and 5.08 display wide scan survey spectra and Zn 2p spectra 

and O 1s and C 1s spectra for pure and milled ZnO powders, respectively. From the survey 

spectra obtained over a wide energy scan range, we have observed the presence of Zn, O and 

C. Zn 2p spectrum of pure ZnO powder (see Figure 5.07(b)) reveals two fitted almost 

symmetrical peaks: Zn-2p3/2 (1022.2 eV) and Zn-2p1/2 (1045.3 eV) spin-orbit levels. The value 

of binding energy difference between Zn-2p3/2 and Zn-2p1/2 peaks is about 23.1 eV, which 

confirms the dominance of ZnO [MOUL1995, ITAN2012, HUJ2015]. The zinc Auger peak of 

Zn LMM is further taken for chemical assessment of the zinc compounds with the main peak 

binding energy of 498 eV, corresponding to ZnO. These results suggest that there are only one 

valance state of Zn is present. We have almost observed similar behaviors for ZnO milled 

powder as well. However, the O 1s photoelectron peak is asymmetrical and shows visible 

shoulders. The O 1s peak can be de-convoluted into three component peaks centered at 531 eV 

(O-Zn), 532.6 eV (OV) and 534.5 eV (OC) by fitting the XPS spectra (see Figure 5.08(a)) 

[ESCU2011]. It is understood that the O-Zn component of the O 1s spectrum is attributed to 

the O2- ions in the ZnO lattice [ROSA2007], while the OV component is associated with the 

O2- ions in oxygen-deficient regions within the ZnO matrix. The OC component is usually 

attributed to the chemisorbed and dissociated oxygen species or OH [REMA2008, 

GAOD2009, MAEN2009, GOGU2014, HUJ2015]. Interestingly, with increasing tm, the 

percentage of OV increases largely and OC component increases slightly at the expense of the 

O-Zn component [SZOR1995]. This clearly supports that the milling process in ZnO introduces 

considerable oxygen vacancies providing oxygen-deficient regions within the ZnO matrix. 

This is in very good agreement with the results of Raman studies for the presently investigated 

samples. The increase in OC component with milling suggests the enhanced sensitivity of the 

gas sensing performance for the as-milled ZnO powders [ZHAN20122]. To further understand 

the distribution of C element, the C 1s spectra were obtained and shown in Figure 5.08(b) and 

(d). According to the analysis result, the binding energy of C 1s at 285.7 eV, 287.1eV and 289.5 

eV is the chemisorbed carbon species in the form of C–C/C–H, C–O and C=O, respectively. 

The relative intensities of the peaks strongly depend on the milling conditions. These results 

are in very good agreement with the vibration properties of the presently investigated samples. 
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Figure 5.09: Room temperature (a) initial magnetization curves and (b) M-H loops of pure un-

milled and milled ZnO powders at different tm. Inset shows the expanded view of M-H loops 

close to origin. 

 

5.3.4. Magnetic properties 

To study the effects of nanocrystalline microstructure and defects on the magnetic properties 

of ZnO powders, we have measured (i) initial magnetization curves (IM), (ii) M-H loops at 

room temperature and at low temperatures and (iii) thermomagnetization (M-T) measurements 

over a wide range of temperature from 20 K to 1000 K for the pure un-milled and milled ZnO 

powders. Figure 5.09 depicts room temperature IM curves and M-H loops and expanded 

version of M-H loops close to origin (inset) for pure un-milled ZnO and milled ZnO powders 

at different tm. It is observed that (i) pure un-milled ZnO powder exhibits a weak response to 

applied field due to its PM nature and M-H loop passes through the origin (see inset). (ii) On 

the other hand, the milled ZnO powder exhibits different nature of response to the applied field, 

i.e., the magnetization increases moderately at lower applied fields and then shows a gradual 

increase at higher applied fields. The rate of increase in the magnetization at lower field 

increases progressively with increasing tm up to 40 hrs and then decreases significantly with 

increasing tm > 40 hrs. (iii) the expanded version of the M-H loops reveals that the loops are 

shifted slightly to negative axes [see inset of Figure 5.08(b)], but the amount of shift decreases 

with increasing tm.  
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Figure 5.10: The variations of (a) magnetization obtained at 12 kOe (M12kOe), (b) coercivity 

(HC) as a function of tm. (c) The variations of HE as a function of average crystal size (D). The 

solid line passing through the data is the best fit to eqn.(4.07). 

 

Figure 5.10 displays the extracted values of magnetization at 12 kOe (M12kOe), coercivity 

(HC) as a function of tm, and the calculated values of exchange bias, HE [= (|HC+|-|HC-|)/2] 

plotted as a function of average crystal size. M12kOe increases at a faster rate for tm up to 10 hrs 

and then the rate of increase in M12kOe decreases slowly with increasing tm up to 40 hrs. On 

further increasing tm, a slight decrease in M12kOe is observed. This results in a maximum in the 

curve at around 40 hrs of milling. On the other hand, HC of pure ZnO, observed as zero due to 

its PM nature, has increased significantly (~ 100 Oe) after initial milling. With increasing tm, 

HC increases from about 100 Oe to about 150 Oe after milling for 40 hrs and then decreases 

slightly for tm=60 hrs. To understand any correlation between structural and magnetic 

parameters, the determined values of HE are plotted as a function of crystal size of ZnO in 

Figure 5.09(c). Noticeably, HE decreases almost linearly with decreasing average crystal size, 

which reveals that PM ZnO transforms into induced FM. To obtain the effect of crystal size, 
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the variation of HE with crystal size was fitted to eqn.(4.07). The fitting of the experimental 

data provides HE(0) = -3.54 Oe and m = 1.79 Oe/nm. The exchange bias properties are reported 

in literature for doped ZnO systems [ZHEN2004, LIUH2008]. However, earlier reports suggest 

that the exchange bias is observable only when the FM semiconductors are capped by the 

additional AFM layers [LIUH2005, SEEH2007]. Zheng et al also suggested that to generate 

exchange bias, at least one fixed magnetic phase that does not reverse during hysteresis loop 

measurements should exist [ZHEN2004]. Hence, a detailed further research might need to be 

done to clarify the observed exchange in milled ZnO powder. 

To understand the origin of the observed FM in the milled ZnO powders, we correlate 

the structural, vibrational, electronic and magnetic properties. The pure un-milled ZnO exhibits 

a weak response to the applied magnetic field and the M-H loop passes through origin. This is 

mainly due to the PM nature. It is well understood that the ball milling process, involving 

repeated cold-welding and fracturing to form nanostructured materials, introduces massively 

defects to a starting materials. As a result, the size reduction and creation of vacancies occurs 

in milled ZnO powders, as observed in the presently case. This is in good agreement with the 

earlier results on similar materials [MISH2004, POTZ2008, XING2010, PHAN2013, 

GHOS2013]. If the ball milling process increases the defect density with increasing tm, then 

the FM ordering is also expected to increase with defect density. This is clearly evidenced from 

Raman and XPS spectra results as shown in Figures 5.06 and 5.08. However, the increase of 

tm above 40 hrs results in a slight reduction in magnetization due to the small increase in average 

crystal size due to prolong milling. These results suggest that the origin of FM in the presently 

investigated ZnO is due to the finite sized ZnO in the nanometer range with oxygen vacancies 

and/or Zn interstitials created during the milling process. These results confirm a good 

correlation between structural, vibrational, electronic and magnetic properties of ZnO powders. 

To rule out any impurities contribution and understand the origin of the induced FM, 

chemical compositions and chemical bonding state were analyzed using EDS and XPS, 

respectively. In addition, the as-milled ZnO powders at different tm were annealed at high 

temperatures (600 °C) under air atmosphere. The presence of impurities in the milled ZnO 

could not be detected in the composition analysis using EDS (see Figure 5.11) at least to the 

detection limit of this technique. As demonstrated in Figures 5.07 and 5.08, XPS spectra of 

milled ZnO powders reveal the presence of Zn, O and C and remarkably, with increasing tm, 

the percentage of OV increases largely and OC component increases slightly at the expense of 
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the O-Zn component. This confirmed that the milling process in ZnO introduces considerable 

oxygen vacancies providing oxygen-deficient regions within the ZnO matrix. 

 
Figure 5.11: Energy dispersive X-ray spectra for milled ZnO powders at (a) tm = 10 hrs and (b) 

tm = 40 hrs. 

 

 
Figure 5.12: Room temperature M-H loops of pure un-milled ZnO powder and ZnO powders 

milled at different tm followed by the annealing at 600 °C for 3 hrs. 
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Figure 5.12 depicts room temperature M-H loops of pure ZnO, milled ZnO powders at 

different tm and annealed ZnO powders at TA = 600 °C. The extracted values of M12kOe for the 

as-milled and annealed powders are summarized in Figure 5.13. It is clear from the figures that 

the annealing process changes the nature of the M-H loops of the as-milled powders drastically 

and reduces the magnetization largely. However, the rate of decrease in magnetization strongly 

depends on the milling conditions, i.e., M12kOe of 1 hr, 40 hrs and 60 hrs milled ZnO powders 

decreases from 0.32, 0.92 and 0.88 emu/g to 0.075, 0.156 and 0.158 emu/g, respectively after 

annealing at 600 °C for 3 hrs. This may be attributed to the effective release of accumulated 

strain (defects), reduction of oxygen vacancies and increase in average particle size with 

annealing. These results clearly confirm that the induced FM behavior in ZnO nanocrystalline 

powders is mainly originated from the intrinsic properties due to size reduction and defects. 

 
Figure 5.13: The extracted values of M12kOe for the milled and annealed powders at 600 °C for 

different tm. 

To study the effect of temperature and magnetic field on the magnetic properties of ZnO 

powders milled at different tm, low temperature M-T measurements at different constant applied 

fields under ZFC and FC conditions were performed in the temperature range between 2 K and 

400 K. In these measurements, the sample was initially cooled down to 2 K under zero applied 

magnetic field. Then a probing constant DC magnetic field was applied to measure the 

magnetization as a function of temperature during warming process up to 400 K (ZFC process). 

Subsequently, the sample was cooled in the same constant applied field down to 2 K and then 

the magnetization was recorded as the sample was heated to 399 K (FC process). Figure 5.14 

displays normalized magnetization [M(T)/M399K] as a function of temperature for the ZnO 
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powders milled at 1 and 40 hrs measured under ZFC (MZFC) and FC (MFC) conditions at 

different applied magnetic field of 100, 500 and 5000 Oe. It is clear from the figure that the 

magnetization data obtained under ZFC and FC conditions are quite different for all the 

samples measured under low applied magnetic fields of below 500 Oe. As a result, the 

bifurcation between MZFC and MFC was observed at around 399 K for all the samples. 

 
Figure 5.14: Low temperature M-T data of milled ZnO powders at different tm and measured 

under different applied magnetic fields. 

 

MZFC decreases largely with decreasing temperature below 300 K, while MFC increases 

gradually with decreasing temperature down to 20 K followed by a sudden increase at low 

temperatures below 20 K. The amount of increase in MFC below 20 K increases considerably 

with increasing tm. This could be due to the field and temperature dependent magnetic 

properties of fine ZnO nanocrystals with large defects inducing magnetic moment in milled 

ZnO powders. Furthermore, the existence of bifurcation between MZFC and MFC indicates a 

broader magnetic moment distribution, which originates from the broad size distribution of the 

crystals as evidenced in Figure 5.05. Interestingly the bifurcation point disappears for the 

samples measured under 5000 Oe. Such behaviors have also been reported earlier on ZnO NPs, 

nanowires, nanoflowers and thin films [BANE2007, BIEX2010, XING2010, XING2011]. 

Interestingly, we have not observed any peaks in MZFC curve at lower temperature as observed 
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in NiO due to freezing of disordered surface spins. In addition, we have not observed any 

systematic variation of bifurcation point with applied magnetic field. These results suggest that 

the temperature dependent magnetic properties in milled ZnO powder is quite different from 

the one observed for NiO system. 

 
Figure 5.15: Temperature dependent M-H loops of milled ZnO powders at different tm 

measured under ZFC condition. 

 

To study the effects of structural refinement on the magnetic properties, M–H loops were 

measured at different temperatures between 30 K and 300 K under ZFC condition. Figure 5.15 
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shows typical M-H loops measured under ZFC condition at different temperatures for milled 

ZnO powders at 1, 5, 10, 20, 40 and 60 hrs. It is observed that the loop shape of the milled 

powders does not change with temperature, but the variations of HC and area under the loop 

increase considerably with decreasing temperature. It is observed that (i) pure ZnO powder 

exhibits a weak response to applied field due to its PM nature (not shown) and nature of the 

loops does not change with temperature. (ii) Similarly, the nature of the loops for milled 

powders also does not change with measurement temperature. (iii) However, the area under the 

loops increases considerably with decreasing temperature for all the milled powders. In order 

to understand the effect of temperature on various magnetic parameters, the values of HC are 

extracted from Figure 5.15 and plotted as a function of temperature in Figure 5.16.  

 
Figure 5.16: The variations of HC as a function of temperature for milled ZnO powders at 

different tm. 

 

HC(T) of the milled ZnO powders increases with decreasing temperature, but the amount 

of increase in HC strongly depends on tm and size of the ZnO crystals. HC(T) varies almost 

linearly for the ZnO powders milled at 1 hr. With increasing tm, the linear variation of HC(T) 

changes into non-linear form particularly at lower temperatures. This could be correlated to 

different field and temperature dependent magnetic properties of fine ZnO nanocrystals with 

milling time dependent defects. Nevertheless, we have not observed any systematic variations 

of HE(T) for ZnO milled at different tm.  
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Figure 5.17: High temperature M-T data of pure un-milled and milled ZnO powders at different 

tm and measured under the applied magnetic field of 2 kOe. 

 

To understand the stability of induced FM above room temperature, high temperature M-

T curves were obtained at 2 kOe applied field in the temperature range 25 to 800 °C with a 

heating rate of 4 °C/min for the un-milled and milled ZnO powders and depicted in Figure 5.17. 

For pure ZnO powder, magnetization varies almost independent of temperature due to its PM 

nature. On the other hand, the ZnO powder milled for 1 hr exhibits increased moment at room 

temperature and remains almost constant up to 450 °C and then decreases to zero magnetization 

above 600 °C. This can be attributed to the presence of induced FM phases in ZnO powder. 

Conversely, the ZnO powders milled for more than 5 hrs exhibit a continuous decrease in 

magnetization with temperature and the temperature at which the magnetization becomes 

nearly zero shifts to higher temperature with increasing tm up to 20 and decreases for tm ≥ 40. 

Curie temperature (TC) is obtained from the thermal derivative of M-T data and found that it 

shifts from 500 °C to 525 °C with increasing tm from 1 to 20 hrs and decreases to 502 °C for 

tm ≥ 20 hrs. Nevertheless, TC of ZnO is quite high as compared to Co doped ZnO system (430 
oC) [NAGA2010]. Such high TC observed in the ball milled ZnO powders can be attributed to 

stress (defect density) induced during MA process [GORR2009]. The presence of stress is also 

evident from the non-smooth decrease of magnetization in M–T curves. 
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Figure 5.18: EPR spectra of (a) pure un-milled ZnO and milled ZnO powders at different tm 

and (b) milled ZnO powders annealed at 600 °C for 3 hrs. Inset: EPR spectra for selected 

samples for comparison. 

 

5.3.5. Resonance properties 

Electron paramagnetic resonance (EPR) spectroscopy is a suitable technique for studying the 

materials with defects states with unpaired electrons. As the presently investigated samples 

exhibit high defects due to ball milling process, EPR measurement was carried out on all the 

pure and milled ZnO powders and the results are depicted in Figure 5.18(a). It is observed that 

the pure ZnO powders exhibit a single weak resonance signal at a g value of 1.95 revealing the 

PM nature of the pure ZnO powder [SANC1972, GARC2002, HUY2008, LEES2010]. On the 

other hand, the milled ZnO powders exhibit different spectra, i.e., with increasing tm the 

position of the resonance field shifts far away from 336 mT indicating a clear FM signature in 

the milled powders. The existence of Zn (Vzn) and O (VO) vacancies at lower and higher 

resonance fields are clearly observed (as depicted in inset), which are in good agreement with 
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the earlier reports [KAKA1997, ISCH2005, XIAZ2011].  This supports that the milled ZnO 

powders exhibit obvious defect induced FM. 

 
Figure 5.19: Room temperature (a) UV-Vis spectra of pure un-milled and milled ZnO powders 

and (b) the variation of band gap (Eg) in ZnO powders as a function of tm.  

 

To understand the effect of annealing on the milled ZnO powders, we have also obtained 

EPR spectra for the different tm milled powders and annealed at 600 °C for 3 hrs. Figure 5.18(b) 

displays the EPR spectra of the ZnO annealed powders and compared with pure ZnO powders. 

As compared to milled ZnO powders, the annealed ZnO powders display different EPR spectra 

with different strength of the signals, but similar to the one obtained for pure ZnO powders. In 

addition, the existence of vacancies is clearly disappeared after annealing at 600 °C. However, 

the presence of small shoulder at around 296 mT was observed for the ZnO powders milled at 

higher tm and annealed. This could attributed to the milling time dependent defects releasement 

upon annealing. Such observations are in close agreement with the M-H measurements shown 
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in Figure 5.12. In the presently investigated samples, the formation of EPR signal in 

comparison with magnetic properties could be attributed to the existence of defects in the 

milled ZnO powders, which provide supportable explanation to the observed room temperature 

magnetic properties. In the case of ZnO thin films, the magnetic properties of the films are 

controlled by tuning the density of defects using film thickness [HONG2007, KAPI2009, 

XING2011]. These results are in good agreement with the results obtained from the 

calculations on nanostructured ZnO materials [WANG2008, ZUOX2009, PENG2012]. 

 

5.3.6. Optical properties 

To extend the effect of size reduction on the optical properties, room temperature UV-Vis 

spectra were recorded for pure un-milled and milled ZnO powders and depicted in Figure 

5.19(a). Excitonic absorption peak observed at 379 nm for pure un-milled ZnO powder shifts 

to 364 nm for 60 hrs milled ZnO powder. A clear blue-shift in the absorption peak is observed 

with reducing the average crystal size of ZnO powder. This is indicative of the increase in band 

gap with size reduction. However, the observed properties cannot be fully attributed to quantum 

size effect in ZnO as the crystal size lies in the range much higher than excitonic–Bohr diameter 

in ZnO (6.48 nm). The enhanced absorption in nanoparticles can be attributed to a large surface 

to volume ratio and increased oscillator strength with size reduction. The determined value of 

band gap for the milled ZnO powder, plotted against tm [see Figure 5.19(b)] increases with 

increasing tm. Since the excitonic absorption is substantially increased in the milled ZnO 

nanoparticles, the presently investigated ZnO nanoparticles have great potential for the use as 

efficient UV light absorber [YADA2006]. 

The above results suggest that the ZnO powders prepared by ball mill process exhibit 

significantly induced FM at room temperature due to defects, high TC and tunable optical 

properties could facilitate integration of spintronic devices. 

 

5.4. Summary 

A systematic investigation on the evolution of structural, vibrational, electronic, magnetic, 

resonance and optical properties of pure and milled ZnO powders prepared by ball mill process 

in a planetary ball mill under dry mill conditions and at argon atmosphere has been carried out 

as a function of different tm. The salient features of the ZnO powders from the current 

investigations are as follows: 

 The ball mill process produces single phase hexagonal wurtzite structured 

nanocrystalline ZnO powders with the average crystallite size of nanometer range 
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(around 12 nm). The lattice volume increases with increasing tm up to 20 hrs and then 

exhibits weak dependence above 20 hrs of milling. Microstructural investigations show 

that the agglomeration of fine particles increases with tm and the nanocrystalline 

powders exhibit irregular shapes with broad size distribution. 

 Vibrational properties using Raman spectra show that pure ZnO powders exhibit six 

Raman modes. With increasing tm, E2H mode decreases drastically and broadens 

asymmetrically. In addition, the modes of A1(LO) and E1(LO) become more prominent 

and shift to lower frequencies in milled ZnO powders due to defects and lattice 

expansion. 

 Electronic properties using O 1s XPS spectra of milled ZnO powders confirm the 

existence of oxygen deficient regions within the matrix of ZnO and the percentage of 

oxygen deficient region increases at the expense of the O-Zn component. These results 

are in good agreement with the results obtained from Raman spectra. 

 Paramagnetic nature observed in un-milled ZnO gradually unveils room temperature 

ferromagnetism with modest magnetization and coercivity. A maximum magnetization 

of 0.92 emu/g at 12 kOe applied field and a coercivity of 172 Oe were obtained for 40 

hrs milled ZnO powder.  

 Low temperature magnetization in the temperature range between 4 K and 400 K shows 

applied field dependent bifurcation between ZFC and FC curves. High temperature M-

T data disclose a clear magnetic phase transition from FM to PM state around 500 °C, 

which shifts slightly towards higher temperature with increasing tm up to 20 hrs and then 

decreases for tm ≥ 40.  

 Resonance study reveals that FM order increases with increasing milling time due to the 

increase in oxygen and zinc vacancies. A close correlation between EPR results and 

magnetic properties has been observed.  

 The optical studies reveal a blue-shifting of excitonic absorption peak at UV-blue band 

with crystal size reduction. This results in an increase in band gap with size reduction in 

milled ZnO powders. 

 Annealing of milled ZnO powders results in a large reduction in magnetization and 

confirms the origin of ferromagnetism in milled ZnO powders as intrinsic one. 
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6.1. Introduction 

Diluted magnetic semiconductor (DMS) based on metal-oxide (in particular Titanium oxide 

(TiO2), an important wide band gap semiconductor) has been studied extensively in the past 

decades due to its wide range of applications like photo catalysis, solar cells, photovoltaic, etc 

[SOWW2001, PAUL2006, LID2010, CHEN2017]. Another important aspect of TiO2 is the 

exhibition of ferromagnetism (FM) above room temperature by the addition of magnetic 

impurities [MATS2001, WANG20061, CHOU2011]. The discovery of room temperature FM 

in Co doped TiO2 thin film was first reported by Matsumoto et al [MATS2001]. Subsequently, 

extensive studies have been carried out for the development of FM TiO2 semiconductor to 

produce multifunctional spin based electronic devices where both charge and spin degrees of 

freedom can be manipulated in a single given material [FURD1988, ZUTI2004]. However, the 

origin of FM and reproducibility of FM semiconductors remain a challenge [SHIN2004, 

TIAN2008].  

Furthermore, a careful review of the literature reveals contradictory results on the 

development of FM in TiO2 system. For example, Hong et al [HONG2006] and Yoon et al 

[YOON2006] reported that FM in TiO2 thin films is likely to be caused by oxygen vacancies. 

Kim et al [KIMD2009] shown that oxygen vacancy induced lattice distortion in TiO2 makes it 

FM. Zhou et al [ZHOU2009] revealed that Ti3+ ions formed due to oxygen ion irradiation 

provide local 3d moments and induce FM in defective TiO2 single crystals. In contrast, Pandey 

et al [PAND2011] argued that an oxygen vacancy leads to electron doping in TiO2 system, but 

does not induce appreciable magnetic moment using ab-initio electronic structure calculation. 

Recently, Hoa et al [HOAN2012] reported enhanced FM in un-doped TiO2 nanowire as 

compared to Ni doped TiO2 nanowire. On the other hand, Sundaresan et al [SUND2009] 

suggested that existence of FM in nanostructured metal-oxide is universal feature 

[SUND2009]. However, the determination of nature of defects and phase change responsible 

for the observed FM remains a challenge. Theoretical studies indicated that cation vacancy and 

di-vacancy are ferromagnetically coupled [PENG2009]. Furthermore, the theoretical and 

experimental evidences show that the magnetic ordering of un-doped TiO2 is strongly related 

to oxygen vacancy [RUMA2007, KIMD2009]. These controversial results among different 

research groups suggest that the magnetic properties of oxide materials are critically dependent 

on fabrication, growth conditions and doping agents. As compared to various fabrication 

methods, high energy ball mill method is a very simple and low cost process, where one can 

easily tune the surface defects and phase changes by controlling milling intensity. It may be 

noted that the particle size and crystal morphology play an important role in magnetic, 
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magneto-optic, photocatalytic and thermal properties of TiO2 [CHEN2007, TONG2013, 

LIX2014, WUS2014, WANG2015].  

Therefore, in this chapter, we report (i) evolution of nanoscale TiO2 powder with 

increasing milling time (tm), (ii) the effects of size reduction and defects induced during milling 

on the structural, vibrational, electronic, magnetic, resonance and optical properties of TiO2 

powders and (iii) the correlation between the crystal structure, microstructure, vibrational, 

electronic, magnetic, resonance and optical properties of these ball milled powders. 

 

6.2. Experimental details 

Weighed quantities of TiO2 powders (white color) were taken in high energy planetary ball 

mill filled with high purity argon gas. The milling process of TiO2 powders was carried out for 

different milling periods (tm) from 0.25 to 60 hrs using the mill operated at 500 rpm with a ball-

to-powder weight ratio of 10:1. The optimization of the milling speed and ball-to-powder 

weight ratio was done mainly by analyzing the variation in the structural and magnetic 

properties of the TiO2 powders. In order to avoid any local heating during milling and its 

influence on the resulting properties, the milling process was programmed to halt for 15 

minutes after every 15 minutes of operation. In addition, the milled powders were collected at 

regular intervals and characterized to monitor the evolution of nanostructure in TiO2 powders. 

The phase evolution and crystal structure of TiO2 powders were analyzed through X-ray 

diffraction (XRD) patterns obtained using high-power (18 kW) X-Ray diffractometer (Rigaku 

TTRAX III, Japan). XRD data were collected at a slow scan rate of 0.005°/s for analyzing the 

structural parameters as a function of tm. The changes in the surface morphology of the powders 

were observed using field emission scanning electron microscope (FE-SEM) and overall 

composition of the pure un-milled and milled powders was determined using energy dispersive 

spectroscopy (EDS, Oxford) attached to SEM unit. The microstructural properties of the pure 

un-milled and milled TiO2 powders were analyzed using transmission electron microscopy 

(TEM, JEOL 2100 and TECNAI G2 F30) technique. Raman spectra were obtained using micro-

Raman spectroscopy (LabRam HR800, Jobin Yvon) using excitation wavelength of 488 nm at 

room temperature. X-ray photoelectron spectroscopy (XPS) analysis was carried out in a 

standard ultrahigh vacuum surface science chamber consisting of a PSP vacuum technology 

electron energy analyzer (angle integrating ±10°) and a dual anode X-ray source with an Mg-

Kα source (1253.6 eV) at a base pressure of 2×10-10 mbar and energy resolution at full width 

at half maximum (FWHM) is about 0.8 eV. The spectrometer was calibrated using Au 4f7/2 at 
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83.9 eV [ZHAN20121]. Room temperature magnetic properties of the pure un-milled and 

milled TiO2 powders were characterized using vibrating sample magnetometer (VSM, 

LakeShore Model 7410). Room temperature electron paramagnetic resonance (EPR) 

measurements were carried out on a JEOL Spectrometer (JES-FA200) operating at X-band 

frequency (ν =9.4 GHz) with 100 kHz magnetic field modulation in powder form. Steady state 

photoluminescence (PL) spectra were recorded by using a 312 nm Xenon lamp excitation 

(AB2, Thermo spectronic). Fourier transform infrared (FTIR) spectra were measured in the 

range 400 - 4000 cm-1 with FTIR spectrometer (Perkin Elmer, Spectrum BX). 

 
Figure 6.01: Room temperature XRD patterns of (a) pure un-milled TiO2 powder and (b) milled 

TiO2 powder for 40 hrs. 

 

6.3. Results and Discussion 

6.3.1. Structural properties 

Figure 6.01 depicts typical room temperature XRD patterns of pure un-milled TiO2 powder 

and TiO2 powder milled at tm = 40. The un-milled TiO2 powder shows Bragg reflections 

corresponding to anatase phase structure [YANJ2013]. Similarly, the milled TiO2 powder for 

40 hrs also exhibits majorly anatase phase of TiO2 without any impurity phases within the 

detection limit of X-ray diffractometer. However, we have observed new peaks at 2θ = 27.39°, 

31.34°, 36.33°, 41.64° and 66.17° for the milled powders. In comparison with standard JCPDS 

data, these new peaks may be assigned to rutile phase of TiO2 (2θ = 27.39°) and oxygen 

deficient TiO2 phase (TiO2-δ). In addition, a careful observation of the XRD peaks reveals that 
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the sharp Bragg reflections observed in pure TiO2 powders broadens significantly along with a 

considerable shift in peak position towards a lower diffraction angle. 

 
Figure 6.02: Room temperature XRD patterns of pure un-milled and milled TiO2 powders at 

different tm. 

 
Figure 6.03: Expanded version of XRD patterns close to A(101) peak at 2θ = 25.3° for pure 

un-milled and milled TiO2 powders at different tm. 
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Figure 6.04: WHP fit for the milled TiO2 powders at different tm. 

 

In order to understand the effect of milling systematically, room temperature XRD 

patterns of milled TiO2 powders at different tm were taken systematically and shown in Figure 

6.02. It is observed that (i) With increasing tm, the anatase phase of the peaks gets broadened, 

which results in a merging of the peaks and the peak position shifts gradually to lower 

diffraction angle as shown in Figure 6.03. While the peak broadening indicates the formation 

of highly refined and strained TiO2 powders, the peak shifts suggest a considerable change in 

the lattice parameter during the milling process. (ii) The development of additional peaks 

corresponding to the oxygen deficient TiO2 phase is observed even for 0.25 hrs milled TiO2 

powders and the peak intensity increases with increasing tm. (iii) Upon increasing tm above 10 

hrs, a new peak corresponding to rutile phase of TiO2 is observed. These results clearly confirm 

that with increasing tm, the ball milling induces defects and phase changes in anatase phase of 

TiO2 besides its size reduction. This is consistent with the recent report on similar system 

[SEPE2012]. In order to calculate the average crystal size and strain, XRD patterns were 
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analyzed using uniform deformation model as defined by Williamson-Hall Plot (WHP) method 

using eqn.(6.01). 

θηλθβ sin4cos +=
D

k
hkl (6.01) 

where D is the average crystal size, k is a constant taken as 0.9 for spherical particles, λ is the 

wavelength of the X-ray, η is strain, βhkl is the full width at half maximum (FWHM) of the 

peaks in radian and θ is the peak center. 

 
Figure 6.05: The variations of (a) D, η and (b) a and c for pure un-milled and milled TiO2 

powders at different tm. 

 

Figure 6.04 shows the typical plot of WHP method for the milled TiO2 powders. Average 

crystal size (D) and strain (η) were calculated from intercept and slope, respectively by plotting 

βhklcosθ versus 4sinθ and fitting the data using linear fit. Figure 6.05(a) depicts the variations 

of D and η as a function of milling time. D decreases almost largely up to 10 hrs of milling and 
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then tends to saturate for higher milling time. The minimum crystal size reachable by this 

milling process is about 19 nm for 40 hrs milled TiO2 powders. On the other hand, strain 

increases considerably at initial milling period and then slightly decreases for higher milling 

period above 10 hrs. As compared to NiO and ZnO milled powders, the strain value is observed 

to be low and hence the minimum crystal size achievable is limited only to about 19 nm. From 

the shift in the XRD peak positions, the values of lattice constant a and c were calculated using 

eqn.(6.02) for pure and milled TiO2 and depicted in Figure 6.05(b).  

2

2

2

22

2
1

c

l

a

kh

d
++= (6.02) 

where, d is interplanar spacing; h, k, l are Miller indices and a, c are lattice constants. The 

determined values of lattice constants increase with increasing tm up to 10 hrs and then remains 

almost constant on further increasing tm. This could be correlated to the milling process that 

the formation of dislocations (defects) caused by the high-energy ball mill to develop 

nanocrystalline microstructure increases initially and then reaches the saturation when the 

crystal size attains minimum value. As a result, the lattice constant increases by the negative 

interface pressure activated by the strain, which distorts the local structure without affecting 

overall crystal structure. The further milling does not produce more dislocations due to the 

difficulty in generating additional dislocations in smaller crystals and limits the change in the 

lattice constants. This results in a saturation in the variation of lattice constant as observed in 

the presently investigated samples.  

To monitor the change in surface morphology and evolution of nanocrystalline 

microstructure of the milled TiO2 powders, the pure un-milled TiO2 and milled TiO2 powders 

were characterized using FE-SEM and TEM techniques. Figure 6.06 depicts the typical FE-

SEM images of pure un-milled TiO2 and milled TiO2 powders at different tm. A clear particle 

morphology displaying spherical shaped particles with the average particle size of 150 to 350 

nm is observed in pure un-milled TiO2 powders. With increasing tm to 0.25 hrs, we have 

observed almost the same particle morphology without any significant changes in the average 

particle size of the milled powders. On further increasing tm to 5 hrs, the particle size decreases 

considerably below 100 nm along with the formation of significant agglomerated particles. 

Upon increasing tm above 5 hrs, the agglomeration of the fine particles increases to form 

aggregated particles and the number of such particles increases with increasing tm. Note that 

these aggregates are typical of ball-milled powders, which occurs from the repeated cold 

welding and fracture of powder during milling. Figure 6.07 displays typical plane-view bright-
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field TEM (BF-TEM) images and selected area electron diffraction (SAED) patterns for pure 

un-milled TiO2 and milled TiO2 powders at 05 hrs and 40 hrs.  

 
Figure 6.06: FE-SEM images of (a) pure un-milled TiO2 powder, and milled TiO2 powders at 

different tm: (b) tm = 0.25, (c) tm = 5 hrs, (d) tm = 20 hrs, (e) tm = 40 hrs and (f) tm = 60 hrs. 

 

BF-TEM image of the pure TiO2 powder reveals a clear particle morphology with size 

varying between 50 and 120 nm. The polycrystalline nature and the anatase phase are evident 

from TiO2 diffraction rings in the SAED pattern. On the other hand, BF-TEM images of milled 

TiO2 powders confirm the presence of fine nanocrystalline microstructure with irregular 

morphology. The SAED pattern of 5 hrs milled TiO2 shows diffraction rings, which could be 

indexed to anatase phase only and confirm the polycrystalline nature of the TiO2 particles. The 

average size of the crystals estimated from BF-TEM images at random locations decreases 

from 60-140 nm for the pure un-milled TiO2 to about 26 nm after milling for 3 hrs.  
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Figure 6.07: Bright-field TEM images and selected area electron diffraction patterns of (a) pure 

un-milled TiO2 powder, and milled TiO2 powders at different tm: (b) tm = 5 and (c) tm = 40 hrs. 
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Figure 6.08: Room temperature Raman spectra of pure un-milled (a) and milled TiO2 powders 

at different milling periods (b-g). (h) The expanded view of Raman spectra in the range between 

270 and 570 cm-1. 
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On further increasing tm to 40 hrs, the nanocrystalline microstructure is further refined 

with the average crystal size of about 19 nm. The SAED pattern reveals not only the existence 

of polycrystalline TiO2 with the anatase phase, but also diffraction rings corresponding to 

oxygen deficient TiO2. These observations are in good agreement with the XRD results and 

the variations of TEM crystallite size of TiO2 exhibit almost a similar trend with that of XRD 

results. Nevertheless, the nanoscale powders exhibit irregular shapes with broad size 

distribution. 

 

6.3.2. Vibrational properties 

Figure 6.08 depicts room temperature Raman spectra for pure un-milled and milled TiO2 

powders at different tm. The expanded version of Raman spectra in the range between 270 and 

570 cm-1 is shown separately in Figure 6.08(h) for comparison. According to factor group 

analysis, anatase phase of TiO2 has six Raman active modes (A1g+ 2B1g+3Eg) [OHSA1980]. 

All the observed Raman modes in the pure TiO2 samples can be assigned to the Raman 

spectrum of the anatase phase of TiO2: ~ 144 cm-1 (Eg), 197 cm-1 (Eg), 399 cm-1 (B1g), 513 cm-

1 (A1g) and 639 cm-1 (Eg). These peaks are not only consistent with the literature results 

[OHSA1978, KELL1997, ZHAN2000, SEEP2006, TIAN2012], but consistent with the XRD 

results as shown in Figure 6.01. It has been known that Eg peak is mainly caused by symmetric 

stretching vibration of O-Ti-O in TiO2, the B1g peak is caused by symmetric bending vibration 

of O-Ti-O, and A1g peak is caused by the antisymmetric bending vibration of O-Ti-O. With 

increasing tm up to 1 hr, we have not observed any additional peaks, except the observation of 

considerable broadening, peak shifting in the peaks to lower wavenumber, and reduction in 

peak intensity. On further increasing tm above 1 hr, we have noticed the development of 

additional peaks at 171 cm-1, 315 cm-1, 340 cm-1, 357 cm-1 and 426 cm-1 and the intensity of 

these peaks increases gradually with increasing tm. While the peaks at 171 cm-1, 315 cm-1, 340 

cm-1 and 357 cm-1 can be correlated to the development of oxygen deficient TiO2 phase (TiO2-

δ) [WUY2012, OULD2014], the peak at 426 cm-1 is related to the Eg of rutile phase 

[SAMS2015]. These observations are in close agreement with the XRD results. The broadening 

(full width at half maximum) of the Raman peak at 144 cm-1 increases from about 8 for pure 

un-milled TiO2 powder to 14.56 for 40 hrs milled TiO2 powder and in addition, the intensity 

of the peak also decreases largely. This can be majorly correlated to the decrease in the average 

crystal size. On the other hand, the shift in Raman wavelength of Eg band to higher values 

confirms the tensile strain in as-milled powders [MEUL2004, ZARD2009, CHEN2010]. As 
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the observed crystal size using structural analysis is about 19 nm, the observation of phonon 

confinement is not expected in the presently investigated samples [BERS1998, LIBA2005, 

SAHO2009, GEOR2012]. 

 
Figure 6.09: XPS spectra of wide scan, Ti 2p, O 1s and C 1s for (a,c,e,g) pure un-milled TiO2 

and (b,d,f,h) 40 hrs milled TiO2 powders. 
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6.3.3. Electronic properties 

To understand the chemical composition of pure un-milled and milled TiO2 powders, XPS 

survey spectra, high resolution Ti 2p, O 1s and C 1s spectra were obtained for both pure un-

milled and milled TiO2 powders and depicted in Figure 6.09. In the survey spectra, the presence 

of Ti, O and C is observed. Ti 2p spectrum of pure un-milled TiO2 powder displays Ti 2p1/2 

and Ti 2p3/2 spin-orbit splitting photoelectrons located at binding energies of 459.5 eV and 

465.2 eV, respectively. The peak separation of 5.7 eV between Ti 2p1/2 and Ti 2p3/2 signals is 

in good agreement with the reported literature values [DIEB1996, MCCA1998, SCAN2013] 

confirming Ti4+ in TiO2 and identical chemical state of Ti atoms in pure TiO2. The O 1s signal 

of pure TiO2 shows a peak at 530.7 eV and a shoulder located toward the side of higher binding 

energies. The curve-resolved O 1s signal of the pure TiO2 results in a two peaks located at 

532.9 eV and 534.3 eV, which are assigned to hydroxyl (OH) and water molecule (H2O), 

respectively [PATR2014]. Similarly, the C 1s spectrum shows the peaks at 285.9 eV, 287.4 

eV, 289.7 eV, 293.7 eV corresponding to C=C/C-C, C=O, O-C=O, and OC-C=OH species in 

the pure TiO2 sample. The binding energy difference of 71.3 eV between the observed peak 

positions of Ti 2p3/2 and O 1s (oxide) is also in excellent agreement with reported literature 

values of 72.9 – 71. 2 eV. On the other hand, the milled TiO2 powder for 40 hrs shows almost 

the similar features except considerable peak broadening and additional peaks in Ti 2p 

spectrum. The additional peak observed at 457.7 eV is mainly due to the formation of oxygen 

deficient TiO2 and/or Ti3+ [RATH2009, BARM2015, BHAR2016]. In addition, the relative 

intensities of the peaks in O 1s spectrum of the milled TiO2 powder vary significantly from the 

pure TiO2 powder, mainly due to the oxygen vacancies created in the milled TiO2 powder. 

These results are in good agreement with the results of XRD and Raman spectra as 

demonstrated in Figure 6.02 and 6.08, respectively. 

 

6.3.4. Magnetic properties 

Figure 6.10 depicts room temperature initial magnetization (IM) curves and magnetic 

hysteresis (M-H) loops and expanded version of M-H loops close to origin (inset) for pure un-

milled and milled TiO2 powders at different tm. It is observed that (i) pure un-milled TiO2 

powder exhibits a weak response to applied field due to its paramagnetic (PM) nature and hence 

M-H loop passes through the origin [SUND2006]. (ii) On the other hand, the milled TiO2 

powder exhibits different nature of response to the applied field, i.e., the magnetization 

increases moderately at lower applied fields and then exhibits a gradual increase at higher 
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applied fields. The rate of increase in the magnetization at lower field increases progressively 

with increasing tm up to 3 hrs and then decreases slightly for tm = 5 hrs.  

 
Figure 6.10: Room temperature (a) initial magnetization curves and (b) M-H loops of pure un-

milled and milled TiO2 powders at different tm. Inset shows the expanded view of M-H loops 

close to origin. 

 

On further increasing tm, the rate of increase in the magnetization at lower field increases 

gradually up to 60 hrs. To understand the effect of milling on the magnetic parameters of TiO2 

powders, the extracted values of coercivity (HC) and magnetization at 12 kOe (M12kOe) are 

plotted as a function of tm in Figure 6.11. M12kOe increases at a faster rate for tm up to 3 hrs and 

then decreases slightly for 5 hrs of milling. On further increasing tm, M12kOe is observed to 

increase and tend to saturate at 60 hrs of milling. The maximum value of M12kOe is observed to 

be 0.15 emu/g for the powders milled at 60 hrs. As compared to NiO and ZnO milled powders, 
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this is noticeably small value. Nevertheless, M12kOe at room temperature in the presently 

investigated samples is significantly larger than that reported for Fe doped TiO2 

[WANG20122] and other reported literatures [PATE2011, PATE2013]. On the other hand, HC 

of pure un-milled TiO2, observed as zero due to its PM nature, has increased significantly (~ 

142 Oe) after milling for 0.25 hrs. With increasing tm, HC exhibits oscillatory behavior up to 3 

hrs. On further increasing tm, HC increases up to 20 hrs of milling and then decreases slightly 

for 40 hrs and 60 hrs milling powders. This results in a maximum HC of 176 Oe for 20 hrs 

milling powders. 

 
Figure 6.11: The variations of coercivity (HC) and magnetization at 12 kOe (M12kOe) are plotted 

as a function of tm for pure un-milled and milled TiO2 powders. 

 

To understand the origin of the FM in the milled TiO2 powders, we correlate the 

structural, vibrational, electronic and magnetic properties. The pure un-milled TiO2 exhibits a 

weak response to the applied magnetic field and the M-H loop passes through origin. This is 

mainly due to PM nature of bulk TiO2 powder. As the ball milling process induces large number 

of defects to a starting materials due to repeated cold-welding and fracturing, the milling 

process results in a considerable size reduction, creation of vacancies and formation of new 

(rutile) phases in milled TiO2 powders [HIRA2003, THAK2012]. If the ball milling process 
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increases the defect density with increasing tm, then the induced FM due to defects is also 

expected to increase with defect density. This is clearly evidenced from Raman and XPS 

spectra results as shown in Figures 6.08 and 6.09. However, the decrease of magnetization for 

5 hrs milled TiO2 powders can be correlated to the formation of rutile phase, as evidenced from 

XRD patterns and Raman spectra. It has been reported that oxygen vacancy induces lattice 

distortion in rutile TiO2 and induces FM in un-doped TiO2 films due to charge redistribution 

[KIMD2009]. Therefore, the observed results suggest that the origin of FM in the presently 

investigated TiO2 powder is due to finite sized TiO2 in nanometer range with significant oxygen 

vacancies created during the milling process. Furthermore, we observed a good correlation 

between structural, vibrational, electronic and magnetic properties of TiO2 powders. 

 

Figure 6.12: Room temperature electron paramagnetic resonance curves for pure and milled 

TiO2 powders at different tm. Inset: EPR spectra for selected powders for comparison. 

 

6.3.5. Resonance properties 

EPR spectroscopy is a suitable technique for studying the materials with defects and states with 

unpaired electrons. As the presently investigated samples exhibit high defects due to ball 

milling process, room temperature EPR measurement was carried out on pure un-milled and 

milled TiO2 powders and the results are depicted in Figure 6.12. Pure un-milled TiO2 show 

only a very weak signal due to PM nature. Rhydderch et al correlated such weak signal is due 
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to the residual Ti3+ ions in the titania [RHYD2015]. Gao et al [GAOD2011] have also reported 

that the weak EPR signal in other oxide system is mainly due to its PM nature. 

On the other hand, the milled TiO2 powders have obviously magnetic resonance signals, 

which are far away from the 350 mT (center magnetic field of the free electron) [LEES2010] 

and the relative position of the magnetic resonance signals depends on tm. This result indicates 

that the milled TiO2 powders have obvious FM and hence the observed resonance signal are 

the FM resonance signals. The observed results are also in good agreement with the 

magnetization measurements. With increasing tm to 0.25 hrs, the development of small 

resonance signal at around 345 mT is observed. On further increasing tm, the signal at 345 mT 

becomes more prominent. This can be related to the formation of oxygen vacancy (VO) due to 

the transformation of Ti ions from 4+ to 3+ state upon milling [SING2011] caused by the 

milling process. This is in close agreement with the Raman and XPS results. Such vacancies 

are also reported in other oxide system [LAGU2005]. Therefore, the observation of EPR signal 

in milled TiO2 powders is majorly related to the size reduction along with the formation of 

defect states, which provides supportable explanation to the observed room temperature 

magnetic properties [SING2011].  

 

6.3.6. Optical properties 

To study the effect of milling, size reduction and defects induced optical properties in milled 

TiO2 powders, photoluminescence (PL) spectra were recorded at room temperature and 

depicted in Figure 6.13. The pure un-milled TiO2 powder majorly displays two major peaks 

around 395 nm and 470 nm, which could be attributed to the band-to-band direct transitions 

(band gap transitions) [SOFI2014, GRAB2017] and charge-transfer transition from Ti3+ to 

oxygen anion in the TiO6 octahedra [PUGA2013]. On the other hand, milled TiO2 powders 

show the following features: (i) the peak at 395 nm shifts very progressively to higher 

wavelength, (ii) development of additional peaks at around 450 nm and 480 nm with increasing 

tm. The shift of bad gap transition peak to higher wavelength indicates a considerable reduction 

in band gap (Eg) due to milling process. This is in close agreement with the earlier results on 

similar system using mechanical alloying process [SAVI2012]. On the other hand, the 

development of additional peaks at 450 and 480 nm can be attributed to surface recombination 

[YUJC2002] and oxygen vacancies and surface defects of the milled samples, respectively. 

The development of oxygen vacancies are also clearly supported from XRD, Raman and XPS 

results. Yin et al [YINW2010] reported that the bandgap of anatase TiO2 can be tuned 

efficiently by applying stress along soft direction perpendicular to the layer plane, as it has a 
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layered structure. This suggests that the band gap modification in the present investigation is 

due to the combined effect of lattice strain and lattice defects induced by the ball milling. Since, 

the achieved band gap of 3.133 eV in the milled TiO2 falls in the border of UV-visible region, 

they would be suitable for UV-visible light emitter and photocatalysis. 

 
Figure 6.13: (a) Room temperature photoluminescence spectra and (b) the variation of bandgap 

(Eg) for pure un-milled and milled TiO2 powders at different tm. 

 

6.3.7. Infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) spectroscopy has been employed to investigate 

the effect of oxygen vacancies in the vibration bands of the pure and milled TiO2 powders. All 

spectra were obtained in the range of 400 – 4000 cm-1. Figure 6.14 displays the FTIR spectra 

for pure un-milled and milled TiO2 powders. A broad band at 3445/cm in the TiO2 powders is 

assignable to OH stretching of structural hydroxyl groups and water presents in the powders. 
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Similarly, a sharp band observed at 1630/cm is due to asymmetric stretch of water (deformation 

mode).  

 
Figure 6.14: Room temperature FTIR spectra for pure un-milled and milled TiO2 powders at 

different tm. 

 

The bands observed at 1380/cm and 2965/cm may also due to OH stretch of water 

[COST1999, WANG20123]. The vibration modes observed at 687, 1020, and 1100 cm-1 are 

assignable to anatase TiO2. A close observation of vibration bands shows (i) an obvious blue-

shift of vibration bands at 687 cm-1 to 680 cm-1 after milling, which could be attributed to the 

higher concentration of oxygen vacancies induced. (ii) Disappearance of vibration bands at 

1020 and 1100/cm with increasing tm. Such behaviors are also reported in Co doped TiO2 

system and correlated due to the oxygen vacancy [DASK2009]. The other vibration bands 

observed at 687 and 1015 cm-1 are due to the O-Ti-O bending and band at 1094 cm-1 is due to 

Ti-O stretching vibrations [OTHM2012]. 

 

6.4. Summary 

The evolution of structural, vibrational, electronic, magnetic, resonance and optical properties 

of pure and milled TiO2 powders prepared by ball mill process in a planetary ball mill under 
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dry mill conditions and at argon atmosphere has been systematically carried out as a function 

of different tm. The salient features of the TiO2 powders from the current investigations are as 

follows: 

 The ball milling produces nanocrystalline TiO2 powders with the average crystallite 

size of nanometer range (around 19 nm). While the majority of the phase is anatase in 

nature, with increasing tm, the development of oxygen deficient TiO2 and rutile phase 

of TiO2 is observed. The lattice volume increases for the initial period of milling and 

then remain constant above 10 hrs of milling. Microstructural studies reveal that the 

agglomeration of fine particles increases with increasing tm and the nanocrystalline 

powders exhibit irregular shapes with broad size distribution. 

 Raman spectra show Raman modes for anatase phase, but the peak width gets 

broadened, peak position shifts to lower wavenumber and reduction in peak intensity. 

For tm > 1 hrs, additional peaks corresponding to the oxygen deficient TiO2 and rutile 

phase of TiO2 are observed. These observations show close correlation with the XRD 

results. 

 XPS spectra confirm the formation of oxygen deficient TiO2 and/or Ti3+ in the milled 

TiO2 powders, caused by the defects and size reduction. The observed results are in 

good agreement with the results of XRD patterns and Raman spectra. 

 Magnetic properties reveal that the paramagnetic nature of the pure un-milled TiO2 

powder transforms into FM progressively upon milling due to defects and size 

reduction. A maximum magnetization of 0.15 emu/g at 12 kOe applied field and a 

coercivity of about 155 Oe are obtained at room temperature for 60 hrs milled TiO2 

powder. 

 Resonance study displays that pure un-milled TiO2 powders exhibit only weak signal 

due to paramagnetic nature, while the milled TiO2 powders show magnetic resonance 

signals due to ferromagnetic nature. The EPR signal in milled TiO2 powders is majorly 

related to the size reduction along with the formation of defect states, which provides 

supportable explanation to the observed room temperature magnetic properties. 

 Optical studies reveal two major peaks around 395 nm and 470 nm due to band-to-band 

direct transitions in pure TiO2 powders. Upon milling, additional peaks are observed 

due to surface recombination, oxygen vacancies and surface defects. The lattice strain 

and lattice defects reduce the bandgap slightly. 
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 The results of infrared spectroscopy study support the formation of oxygen vacancies 

in milled TiO2 powders and in close agreement with the results obtained from XRD 

patterns, Raman and XPS spectra.  
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Properties of NiO nanoparticles prepared by sol-gel technique  
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7.1. Introduction 

Nanostructure materials such as nanoparticles, nanoflakes, nanorods, nanowires and nanotubes 

display novel properties, which are considerably different from those observed in bulk 

materials. In particular, the study of magnetism and magnetic interaction in various types of 

fine magnetic nanosized particles has generated increasing interest due to their unique magnetic 

properties such as enhanced magnetization, exchange coupling and magnetization reversal by 

quantum tunneling, and their potential technological applications in electrical, optical and 

magnetic properties [JOHN2010, HOSO2012, PARR2013]. The detailed investigation on 

various types of metal-oxides in the earlier chapters revealed that the development of induced 

ferromagnetism (FM) in oxide based materials is quite possible by size reduction and defects 

persuaded during the ball milling process. However, the magnitude of induced FM strongly 

depends on the materials. For example, NiO powders milled up to 30 hrs exhibit the maximum 

magnetization of 1.08 emu/g without changing its crystal structure from face centered cubic, 

while the ZnO powder shows the maximum magnetization of about 0.92 emu/g after 40 hrs of 

milling. On the other hand, the milling of TiO2 not only reveals size reduction including defects 

with increasing milling time, but also exhibits oxygen deficient TiO2 and rutile phase and hence 

the induced magnetization in the nanoscale TiO2 was not observed to be the values close to 

ZnO and NiO. Since NiO powders at nanoscale exhibit moderate magnetization without 

changing its crystal structure from face centered cubic, the development of NiO based 

nanoparticles using different preparation method is also attempted to obtain FM above room 

temperature such that these oxides with cubic structure could facilitate integration to 

spintronics devices [FIOR2005]. Furthermore, the nanostructured NiO is especially attractive 

for catalysis [GONG2014], energy conversion, storage device [ARIC2005], battery cathodes, 

gas sensors [SOLE2013] and electrochromic films [BODU2014].  

As the synthesis of nanomaterials is controlled by various processing parameters such as 

concentration of reactant, calcinations time, calcination temperature and pH value, it is worth 

analyzing the physical properties of NiO nanoparticles prepared with different molar 

concentrations and different particle size after exposing to different annealing temperatures 

(TA). Hence, in this chapter, we have synthesized NiO nanoparticles using a sol-gel method 

with different molar concentrations (0.1 M, 0.2 M, 0.3 M and 0.5 M). The as-prepared 

nanoparticles exhibiting nickel hydroxide structure were annealed at different temperatures (TA 

= 350 °C and 500 °C) to form pure NiO with variable sizes. Subsequently, the structural, 
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vibrational, optical, magnetic and resonance properties of annealed NiO nanoparticles were 

investigated as a function of molar concentration and annealing temperatures.  

 

7.2. Experimental details 

Nickel acetate tetrahydrate ((CH3COO)2Ni.4H2O)) received from Merck was dissolved first in 

doubly distilled deionized water with different molar concentrations of 0.1, 0.2, 0.3 and 0.5 

under constant stirring for 2 hrs at moderate temperatures of 40 to 50 °C to obtain a light 

greenish sol. Subsequently, 2 to 3 ml of ethylene glycol (from Merck) was added slowly to the 

warm sol to obtain a greenish thick gel. A clear gel of 0.1 M, 0.2 M, 0.3 M and 0.5 M solution 

was achieved. The gel product was eventually dried at 120 °C for 12 hrs. These as-made 

particles exhibit nickel hydroxide structure. In order to improve crystallinity and to remove the 

hydroxide phases, the dried powders were subjected to air annealing at different temperatures 

(350 oC and 500 oC) for 3 hrs [RAUT2011]. This annealing process produces fine black 

powders of NiO. NiO powders of different molar concentrations of 0.1, 0.2, 0.3 and 0.5 

annealed at 350 oC were designated as S1, S2, S3 and S4, while the powders annealed at 500 
oC were represented as S5, S6, S7 and S8, respectively.  

Crystal structure and phase purity of NiO nanoparticles was analyzed using X-ray 

diffraction (XRD) obtained using high-power X-Ray diffractometer (XRD, Rigaku TTRAX III 

18 kW) with Cu-Kα radiation (λ = 1.54036 Å). In order to analyze the structural parameters 

carefully by using Williamson-Hall plot (WHP) method [WILL1953], the XRD data were 

collected at a slow scan rate of 0.005 °/s. The microstructural properties were analyzed using 

transmission electron microscopy (TEM, JEOL 2100) technique. Raman spectra at room 

temperature were obtained using micro-Raman spectroscopy (LabRam HR800, Jobin Yvon) 

with excitation wavelength of 614 nm. Composition of the annealed powders was analysed 

using energy dispersive spectroscopy (EDS, Oxford) attached to scanning electron microscope 

(SEM, Leo 1430vp). The steady state Photoluminescence (PL) spectrum was recorded at room 

temperature by using a 312 nm Xenon lamp excitation (AB2, Thermo spectronic). Magnetic 

properties at different temperatures (20 – 900 K) were characterized using vibrating sample 

magnetometer (VSM, LakeShore Model 7410) by performing (i) magnetic hysteresis (M-H) 

loops at different temperatures, (ii) low temperature thermomagnetization (M-T) measurements 

under zero-field-cooled (ZFC) and field-cooled (FC) conditions in the temperature range of 20 

K to 300 K at different applied fields, and (iii) high temperatures M-T measurements from 300 

K to 900 K performed at 5 oC/min heating rate with applied field of 2 kOe. Room temperature 
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electron paramagnetic resonance (EPR) measurements were carried out on a JEOL 

Spectrometer (JES-FA200) operating at X-band frequency (ν =9.4 GHz) with 100 kHz 

magnetic field modulation in powder form.  

 
Figure 7.01: (a) Room temperature XRD patterns of S1-S4 samples annealed at 350 °C and (b) 

for S5-S8 samples annealed at 500 °C. 

 

7.3. Results and discussion 

7.3.1. Structural properties 

Figure 7.01 shows room temperature XRD patterns of NiO nanoparticles with different molar 

concentrations annealed at different TA. It is clearly observed that all the annealed powders 

exhibit nickel oxide phase and the Bragg reflections observed in XRD patterns are indexed to 

face centre cubic (fcc) structure. The absence of any impurity peaks in the annealed powders 

confirms the formation of high purity nickel oxide, which is further confirmed through the EDS 

analysis carried out on all samples annealed at different TA. All the samples show the presence 

of Ni and O only without the observation of any other impurities within the detection limit of 

EDS system. A close observation of the Bragg reflections confirms that the peaks are relatively 
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broadened for samples annealed at 350 °C, but the broadening decreases along with 

considerable shift of the peak position to higher diffraction angles with increasing TA. Figure 

7.02 demonstrates the reduction of peak broadening and peak shift to higher angles for the 

samples annealed at different TA. This can be attributed to the increase in average crystallite 

size and decrease in lattice constant with increasing TA. 

 
Figure 7.02: The representation of peak shift of (200) Bragg reflection with annealing 

temperature. 

 

In order to quantify various structural parameters, the XRD data were analyzed using 

WHP method as expressed in eqn.(7.01), ߚ௧௢௧௔௟	ܿߠݏ݋ = ௑ோ஽ܦߣ݇ + ߟ4  (7.01) ߠ݊݅ݏ

where βtotal is full-width at half-maximum of the XRD peak (in radians), k is the Scherrer’s 

constant taken as 0.9 for spherical nanoparticles, λ is the incident X-ray wavelength (=1.54056 

Å), θ is diffraction angle, DXRD is average crystallite size and η is microstrain parameter. 

According to eqn.(7.01), the plot between βtotalcosθ and 4sinθ falls into a straight line and hence 

the values of DXRD and η can be determined from the intercept and slope of the fit, respectively. 

In order to verify the applicability of WHP plot to XRD data, the plots of βtotalcosθ and 4sinθ 

are displayed for all samples (S1-S8) in Figure 7.03. Considering the validity of data to merely 
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fall into straight lines nature, XRD data were fitted to eqn.(7.01) and determined the values of 

DXRD and η from the intercept and slope of the fit, respectively.  

 
Figure 7.03: The plots of βtotalcosθ versus 4sinθ for NiO powders annealed at 350 °C (a) and 

500 °C (b). The straight lines passing through the data points are the best fit obtained using 

eqn.(7.01). 

 

Figure 7.04 depicts the variation of DXRD and lattice constant, aXRD as a function of molar 

concentration for annealed NiO powders. It is observed that the values of DXRD increase from 

about 9 nm to about 17 nm with increasing TA from 350 °C to 500 °C, respectively. However, 

the variation of DXRD exhibits a weak dependent on molar concentrations. On the other hand, 

aXRD is found to increase with decreasing size of the NiO crystals, i.e., the values of aXRD are 

found to be larger for the NiO annealed at 350 °C than the NiO annealed at 500 °C. This 

confirms a considerable lattice expansion in NiO nanoparticles with decreasing the crystal size. 

Such lattice expansion in NiO nanoparticles is in good agreement with the earlier reports on 
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similar system [LIL2006]. With increasing molar concentration, (i) aXRD for NiO annealed at 

350 °C is observed to be nearly same up to 0.2 M and then decreases significantly up to 0.5 M 

and (ii) for NiO annealed at 500 °C, aXRD decreases almost linearly up to 0.3 M and then 

remains constant up to 0.5 M. Nevertheless, the magnitude of the microstrain determined from 

the fitting procedure is found to be on the order of 10-3, which is typically negligible as 

compared to the strain observed in ball milled NiO powders (Chapter 04). This is in close 

agreement with earlier reports on similar NiO nanoparticles [PROE2011]. Therefore, the 

presence of such small strain is not expected to play any major role on the physical properties 

of these nanomaterials. 

 
Figure 7.04: The variation of (a) average crystallite size (DXRD) and (b) lattice constant (a) as 

a function of molar concentration for the samples annealed at different TA. 

 

To confirm the fine particle morphology in nanoscale, the microstructure of annealed 

NiO powders were characterized using TEM. Figure 7.05 displays typical bright-field TEM 

(BFTEM) images and selected area diffraction patterns (SAED) patterns for S3 and S7 

samples. To obtain the average particle size and the variance, BFTEM images were fed into 
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imaging software Scion Image and manipulated by interplaying threshold intensity in the 

software to recognize each particle and to obtain the area data. These data were then converted 

into particle diameter data to achieve the average particle size and size distribution.  

 
Figure 7.05: Bright-field TEM micrographs and selected area diffraction (SAED) patterns for 

(a) S3 sample annealed at 350 °C and (b) S7 sample annealed at 500 °C. 

 

It is interesting to note that the sample S3 annealed at 350 °C depicts nearly spherical 

nature of particles with the average size of about 9 nm, while the sample S7 annealed at 500 

TH-1784_10612115



Chapter 7: Properties of NiO nanoparticles . . .

 

169 
 

°C deviates from spherical nature, i.e., the shape of most of the particles exhibits non-spherical 

in nature. The average size of the particles calculated with the assumption of near spherical 

nature is found to be about 18 nm. In addition, the SAED patterns display diffraction rings 

corresponding to the fcc structure and confirming the presence of polycrystalline nature in NiO 

particles. The lattice constant determined from SAED pattern for S3 and S7 samples is obtained 

to be 4.184 Å and 4.1798 Å, respectively. These results are in good agreement with the results 

obtained from XRD data. 

 
Figure 7.06: (a) Room temperature Raman spectra of commercially available NiO powder, NiO 

nanoparticles annealed at 350 °C (S1-S4) and NiO nanoparticles annealed at 500 °C (S5-S8). 

 

7.3.2. Vibrational properties 

Figure 7.06 shows room temperature Raman spectra of NiO nanoparticles with different molar 

concentrations annealed at 350 °C (a) and 500 °C (b) and NiO powders available commercially 

(Sigma Aldrich). The Raman spectra have been analyzed by curve fitting method with different 

band combinations to obtain peak intensities, peak widths and peak positions. A typical curve 

fitting is also shown in the figure to identify different band combinations. The commercially 

available NiO powder exhibits peaks at 540–560 cm-1, 690 cm-1, 900 cm-1, 1040–1100 cm-1 

and 1400–1500 cm-1 corresponding to one-phonon (1P) LO, two-phonon (2P) TO, 2P TO+LO 
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and 2P LO of vibrational origin and two-magnon (2M) band associated with Ni2+-O2--Ni2+ 

super-exchange interaction, respectively [ULMA2007]. The presence of 2M band in bulk NiO 

powder supports the existence of antiferromagnetic state in commercial NiO at room 

temperature. Similarly, NiO particles annealed at 350 °C exhibit vibration modes at 350-400 

cm-1, 690 cm-1 and 1040-1100 cm-1 corresponding to 1P TO, 2P TO and 2P LO excitation of 

NiO, respectively. Interestingly, we have also observed a new Raman band around 500 cm-1 in 

the presently investigated nanoparticles. This could be attributed to 1P (~ 440 cm-1) plus one-

magnon (1M) (~ 40 cm-1) excitation induced by strong phonon-magnon interaction at 

nanoparticle surfaces or some defects [ULMA2011, TADI2014]. Ulmane et al [ULMAARTI] 

showed that the sharp band of 1P+1M excitation exhibits (i) temperature dependence upon 

heating by laser and (ii) size dependence upon different annealing temperatures. The origin 

was attributed to the strong phonon-magnon interaction at nanoparticles surface or some 

defects, which compete with the magnetic ordering of the nanoparticles. Similarly, NiO 

powders annealed at 500 °C exhibit bands at 500 cm-1 and 1040-1100 cm-1 corresponding to 

1P+1M and 2P LO modes. However, a close observation of spectra along with the curve fitting 

technique confirms that these samples (S5-S8) exhibit multiple peaks merged over each other 

and the probability of multiple peaks increases with increasing molar concentration above 0.1. 

This reveals the existence of possibly another type of excitation due to SO mode [PIGE1980, 

LEWI2001, DUAN2012]. The relative intensities of first and second order SO modes with 

respect to those of 1P+1M and 2LO modes increase with increasing molar concentration. It 

may be noted that the SO mode in Raman spectra appears when the particles size is about one 

size range smaller than the exciting laser wavelength, but forbidden in total spherical 

crystallites as SO modes do not couple to radial charge distribution [PIGE1980, LEWI2001]. 

Therefore, the appearance of SO modes in 500 °C annealed NiO nanoparticles suggests that 

NiO nanoparticles are imperfect from spherical nature and accounts for non-radial carrier 

distribution in the crystallite [PIGE1980]. This is in good agreement with the observation of 

non-spherical NiO nanoparticles from the microstructural analysis using TEM as shown in 

Figure 7.05(b). Nevertheless, the presence of 2M band was not observed in the presently 

investigated samples. Ulmane et al [ULMA2011] reported a dramatic reduction in 2M and 

TO+LO modes with decreasing NiO particle size and vanishes completely for crystallites 

below 100 nm. Such observation has been attributed to the decrease of antiferromagnetic spin 

correlations. Furthermore, the pronounced observation of 1P band with reducing the size of the 

crystallites has been attributed to the presence of defects and surface effects. The analysis of 
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1P+1M mode in Figure 7.06 reveals that vibration frequency of 1P+1M band increases 

significantly with increasing molar concentration from 0.1 M to 0.3 M (S1-S3) and decreases 

largely for 0.5 M (S4) sample annealed at 350 °C. 

 
Figure 7.07: Room temperature PL emission spectra of NiO powder available commercially 

from Sigma Aldrich and NiO nanoparticles annealed at (a) 350 °C (S1-S4) and (b) 500 °C 

(S5-S8). 

 

Although the existence of 1P+1M band in NiO was not reported in many literature, its 

appearance in the presently investigated samples can be attributed to the magnetic origin 

resulting from defects and surface effects, and scattering from the extended region other than 

the Brillouin zone centre due to the damage of transmission symmetry in nanostructures. The 

red-shift of 1P+1M Raman vibration is observed for the first time. The red-shift of Raman 

vibration with the particle size has been reported in many literatures and ascribed to the size-

induced phonon confinement effect and surface relaxation. Defects and surface effects can also 
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induce red-shift of phonon vibrations [YANG2008]. On the other hand, Duan et al 

[DUAN2012] reported a blue-shift and intensity enhancement of 2LO mode after the 

nanoparticles are exposed to high power laser and interpreted that the defects observed in as-

grown particles are annihilated by the laser beam heating. Therefore, the red-shift of 1P+1M 

mode Raman band can be ascribed to the enhancement of magnetic origin and surface 

relaxation effects. 

 

7.3.3. Optical properties 

It is well known that the size effect in nanoscale regime affects the optical property of fine 

nanoparticles. PL studies are very important to investigate the structural defects such as oxygen 

vacancies and quantum size effect. Figure 7.07 depicts the room temperature PL spectra of NiO 

nanoparticles with different molar concentrations annealed at different TA. PL spectrum of pure 

NiO powder available commercially (sigma Aldrich) is also shown for comparison. Three 

emission peaks were observed around 355 nm, 395 nm and 467 nm corresponding to bandgap 

(Eg) of 3.51 eV, 3.16 eV and 2.67 eV, respectively. The first peak observed at 355 nm reveals 

a strong UV emission corresponding to a near band-edge emission due to direct recombination 

of excitons through an exciton-exciton scattering. This can be attributed to the intrinsic 

transition of excitons from conduction band to valance band, i.e., electronic transition of Ni2+ 

ions. This confirms that these NiO nanoparticles are also very good room temperature UV-blue 

emitters. Such strong UV emission was attributed to pure fcc NiO and hence the luminescence 

peak comes from the electronic transition of the cationic state, which can be exploited as a 

good emitter around 350 nm [ANAN2011]. 

Adler et al [ADLE1970] reported a series of absorption peaks below 4 eV correlating to 

pure intraionic 3d8-3d8 transitions of Ni2+. This was further supported from the studies of 

electron energy loss spectroscopy and spin polarized electron energy loss spectroscopy in NiO 

[GORS1994]. While Anandan et al [ANAN2011] and Gondal et al [GOND2012] reported the 

strong UV strong emission around 340 nm (3.62 eV) in NiO nanoparticles, Salavati-Nisasari 

et al [NIAS2012] and Qi et al [QIY2009] did not observe any such strong emission, but 

observed two other emission peaks at 390 nm and 467 nm. It was reported in bulk NiO that 

radiative recombination of carriers consists of two photoemission maxima: one at 390 nm (~ 

3.2 eV) and another at 450 nm (~ 2.8 eV), which can be assigned to 1T1g(G)  3A2g and 1T2g(D) 

 2A2g transitions, respectively [DIAZ1997]. As the presently investigated nanoparticles are 

of typical transition metal elements, the optical property and carrier related phenomenon are 

governed by d-d transitions present within the band gap. Since the Ni2+ ions has the 
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configuration of 3s23p63d8, this transition metal ion has six O2- surrounding ions to form an 

elementary octahedron with octahedral symmetry. Thus, the oxygen ions crystal field splits d-

electron states into eg and t3g states [VOLK2001]. A comparison between the NiO bulk and 

nanoparticles reveals that PL of strong UV radiation around 350 nm exhibit blue-shift due to 

the size reduction. This is in good agreement with the earlier reports on similar system 

[KISA2013], but contradicts to the results reported by Qi et al [QIY2009] showing the red-

shift in nanostructures due to wide particle size distributions and native defects in NiO 

nanostructures. 

 
Figure 7.08: Room temperature M-H loops of (a) NiO particles annealed at 350 °C (S1-S4), (b) 

500 °C (S5-S8). Insets show the expanded version of the M-H loops close to origin. 

 

7.3.4. Magnetic properties 

To understand effects of molar concentration and TA on the magnetic properties of NiO 

particles, room temperature M-H loops and temperature dependent M-H loops and M-T 
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measurements magnetic properties under ZFC and FC conditions over a wide range of 

temperatures 20 K – 900 K were carried out. Figure 7.08 displays room temperature M-H loops 

for NiO particles annealed at different TA. Insets depict the expanded of M-H loops close to 

origin. All the samples exhibit hysteresis behavior at room temperature.  

 
Figure 7.09: Room temperature M-H loops of S1, S2 and S3 samples before and after 

subtracting the antiferromagnetic and ferromagnetic components. 

 

During the initial magnetization process, the magnetization increases significantly with 

increasing applied field in lower-field region. However the increase of magnetization slows 

down as we further increase the applied magnetic field. Finally the magnetization increases 

almost linearly with increasing the magnetic field up to 14 kOe and does not saturate. These 

results indicate that there are two possible components associated with the magnetization 

reversal process: (i) an easily magnetizing component at low-field region and (ii) a non-
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saturating component responsible for almost linear variation in the high-field region. In order 

to separate these two components, the field dependent magnetization curves are fitted by by 

the eqn.(7.02), (ܪ)ܯ = ிெܯ + ߯஺ிெ(7.02) ܪ 

where χAFM is antiferromagnetic susceptibility of the core and MFM is ascribed to the 

magnetization due to uncompensated surface spins. χAFM was determined by fitting the linear 

portion of M-H curves at high-fields. 

 
Figure 7.10: The variation of magnetization obtained at 14 kOe applied field (M14kOe) as a 

function of molar concentration for NiO particles annealed at 350 °C and 500 °C. 

 

Figure 7.09 depicts measured loops, loops after subtracting AFM component (χAFMH) 

and variations of χAFMH. It is clearly evident that the applied field required for saturating MFM 

component in NiO particles annealed at 350 °C reduces with increasing molar concentration 

up to 0.3 M. Saturation fields of about 10 – 20 kOe have been reported by various investigators 

in similar systems [MAKH2002, PUNN2002]. In addition, χAFM decreases and MFM increases 

with increasing molar concentration up to 0.3 for the samples annealed at 350 °C. This confirms 

that the number of uncompensated spins on the surface of NiO particles is increased and hence 

resulting in the enhancement of FM properties. This is also supported by Raman scattering 

results with the increase in 1P+1M mode. Such observations are in good agreement with the 
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variation of M and H reported earlier on NiO nanoparticles [TIWA2005, MENE2010, 

TADI2011]. The extracted values of magnetization obtained at 14 kOe applied field (M14kOe) 

depicted in Figure 7.10 reveal that M14kOe increases with increasing molar concentration up to 

0.3 and then decreases largely for the 0.5 M sample annealed at 350 °C, while M14kOe of the 

500 °C annealed samples decreases largely with increasing molar concentration from 0.1 to 0.2 

and remains almost constant for other samples. These results suggest that M14kOe decreases with 

increasing TA [THOT2007, KISA2013], but the actual reduction in magnetization is sensitive 

to concentration. The optimum magnetic properties having moderate magnetization of 0.85 

emu/g were obtained for spherical shaped NiO particles with an average particle size of about 

9 nm. 

 
Figure 7.11: (a) Crystal and magnetic structures of bulk NiO and (b) schematic spin structure 

of NiO nanoparticles. 

 

To understand the development of room temperature FM in these NiO nanoparticles, we 

correlate the magnetic properties with the structural and vibrational properties and illustrate 

magnetic structure schematically in Figure 7.11. It is understood that the bulk NiO exhibits 

AFM nature due to compensation of antiferromagnetically coupled (111) planes as shown in 

Figure 7.11(a). Therefore, bulk NiO exhibits a weak magnetic response to applied magnetic 

field [BAHA2012]. In this case, the exchange interaction between two neighboring Ni2+ ions 

is mediated by an oxygen ion through super-exchange interaction. This is evidenced by the 

presence of 2M band in Raman spectrum (see Figure 7.06). When the size of NiO is reduced 

into nanoscale, the exchange interaction between two neighbouring Ni atoms would be broken 

if an oxygen ion is missing from the surface and the exchange interaction energy would be 

reduced. As a result, the average coordination number for Ni2+ ions at the surface would be less 

than that in the bulk, which can result in a distribution of exchange energy barriers for the 
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surface spins [ROYA2014]. Furthermore, as the super-exchange interaction is sensitive to bond 

angles and bond lengths, they are likely to be modified at the surface as compared to that in the 

bulk. This is supported by the absence of 2M mode in Raman spectra for NiO nanoparticles. 

Therefore, the uncompensated spin at the surface of a particle turns out to be disordered 

[KODA1997, PECK2011] as depicted in Figure 7.11(b), which leads to an alignment of the 

particle’s net moment in a relatively low-field region as reported in Figure 7.08(a). The 

formation of surface spins is further confirmed from the presence of magnetically originated 

1P+1M band in Raman spectra. There is also a bulk like high-field contribution which 

originates from canting of sublattices. Kodama et al [KODA19991] proposed that multi-

sublattice spin configuration directly follows from exchange interactions between magnetic 

ions and the low coordination at surface sites of nanostructures. The increased number of 

surface spins and magnetic multi-sublattice enhances net moments with reducing size of NiO 

[KISA2013]. Furthermore, the lattice expansion due to presence of broken bonds and defects 

as well as disorder distribution of uncompensated surface spins with size reduction gives rise 

to increase in bond length of Ni-O and weakening super-exchange interactions of magnetic 

ions in the multi-sublattice. The comparison between the Raman shift and magnetization as a 

function of molar concentration for 350 °C annealed NiO particles reveals that the red-shift of 

1P+1M band with molar concentration could be attributed to the enhanced moment originating 

from uncompensated surface spins. On the other hand, the presence of SO modes in 500 °C 

annealed samples possibly reduces the magnetization due to the imperfection from spherical 

nature [PIGE1980]. A careful review on the literature in comparison with the present results 

shows that the development of FM in NiO particles strongly depends on both the preparation 

and annealing conditions, i.e., (i) Proenca et al [PROE2011] reported room temperature 

superparamagnetism in NiO nanoparticles of around 13 nm prepared by a sol-gel process. (ii) 

Similarly, Duan et al [DUAN2012] reported that NiO particles of size up to 12 nm prepared by 

thermal decomposition of nickel acetate show superparamagnetism at room temperature. (iii) 

Winkler et al [WINK2005] also reported superparamagnetism at room temperature for 3 nm 

NiO nanoparticles prepared by chemical precipitation technique. On the other hand, Tiwari et 

al [TIWA2005] and Ulmane et al [ULMA2011] shown that NiO particles exhibit room 

temperature FM. (iv) Thota et al [THOT2007] demonstrated that room temperature magnetism 

in NiO particles changes from FM to AFM nature with increasing the particle size from 4 nm 

to 13 nm.  
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Figure 7.12: Low temperature M-T curves measured at different applied fields of 100, 500, 

1000 and 2000 Oe under ZFC and FC conditions for S2 and S3 samples. The solid and dotted 

arrows indicate the positions of Tpeak and Tbifur, respectively. 
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To understand the effect of temperature and magnetic field on the magnetic properties of 

NiO nanoparticles, M-T measurements at different constant applied fields under ZFC and FC 

conditions were performed in the temperature range 20 – 300 K. Figure 7.12 depicts M-T data 

obtained under different applied magnetic fields of 100, 500, 1000 and 2000 Oe for the samples 

S2 and S3. In these measurements, the sample was initially cooled to 20 K under zero-field 

condition. Magnetization was then recorded as the sample was heated to room temperature 

under a constant applied field (ZFC process). Subsequently, the sample was cooled in the same 

constant applied field to 20 K and then the magnetization was recorded as the sample was 

heated to room temperature (FC process). The magnetization data obtained under ZFC and FC 

conditions are quite different for the presently investigated samples. For S2 sample, ZFC 

magnetization data obtained at different applied fields increase initially with decreasing 

temperature from 300 K followed by a continuous decrease at low temperature. This results in 

a broad peak (Tpeak) in the ZFC curve. On the other hand, FC data exhibit a continuous increase 

in magnetization with decreasing temperature and the rate of increase of magnetization is 

reduced with decreasing temperatures signifying the tendency towards saturation behavior at 

low temperatures. Thus, magnetization data obtained under ZFC and FC processes depict 

bifurcation point at a given temperature called Tbifur. Interestingly, the values of Tpeak and Tbifur 

shift to low temperature with increasing applied magnetic fields as observed in many other 

metallic glasses and nanoparticles. In contrast, the sample S3 does not show Tpeak in ZFC curves 

measured under 100 Oe, but exhibits at fields larger than 100 Oe. The shift of Tpeak and Tbifur to 

low temperature with increasing applied fields was observed for this sample as well. The 

observation of peak in ZFC curves was generally reported both in superparamagnetism and 

spin glass materials. However, FC data become saturated below Tpeak for spin glasses, but 

continue to increase below Tpeak for superparamagnetism [BITO1995, TIWA2005, 

PROE2011]. 

Nevertheless, there are reports stating that the glassy behavior in magnetic nanoparticles 

exhibits a continuous increase in FC data with decreasing temperature below Tpeak 

[LUOW1991]. In order to understand these results, the extracted values of Tpeak and Tbifur are 

plotted as a function of applied field in Figure 7.13. In typical spin glasses, the observation of 

spin glass phase is very sensitive to applied magnetic field and vanishes under the application 

of a few hundred gauss field, i.e., Tpeak shifts to low temperature and disappears eventually at 

higher applied field [NARL2005]. However, in the presently investigated samples, the 

presence of Tpeak was observed up to 2 kOe field. Tiwari et al [TIWA2005] observed the 

existence of Tpeak in ZFC curve up to 20 kOe field. In order to confirm the nature of the 
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magnetic phase at low temperature, Tpeak and Tbifur were plotted as a function of field with de 

Almeida-Thouless (AT) line [ALME1978, YIJJ2008] described by eqn.(7.03), ܪ஺்(ܶ) ∝ ൫1 − ௣ܶ௘௔௞ ௦ܶ௚⁄ ൯ଵ.ହ (7.03) 

 
Figure 7.13: AT line plots for S2 and S3 samples. The solid lines passing through the data 

points are the best fits to eqn.(7.03). 

 

The extrapolation of the AT line back to zero applied field provides the spin glass 

transition temperature Tsg which turns out to be 173 and 194 K for the samples S2 and S3, 

respectively. It is clearly seen that both Tpeak and Tbifur decrease with increasing applied field 

and compliance with the A-T line. This is considered to be a strong evidence for the existence 

of spin glass phase in the presently investigated samples. Interestingly, Tpeak decreases at a 

faster for S3 sample than S2 sample. The observed spin glass behavior and enhancement of 

magnetization in AFM nanoparticles have been explained in terms of enhanced surface 

disorder and interacting cationic vacancy [MAND2009]. Winkler et al [WINK2005] and 

Mandal et al [MAND2011] reported that the NiO nanoparticles in the size range of 30 nm do 

not show any peak down to 25 K in the ZFC curve. Some of the earlier reports claimed that the 

freezing of uncompensated surface spins can lead to a spin glass phase, which survives up to 

certain high-fields. Following the model described in Figure 7.11 and considering the finite 

number of surface spins on each particle, which vary with the particle’s shape and size, the 

observation of broad peak in ZFC due to the distribution of freezing temperature can be 

understood. To study the effect of TA or the particle size on the magnetic properties of NiO 

particles, we have also performed M-T measurements under ZFC and FC conditions for NiO 

samples with different molar concentrations annealed at 350 °C and 500 °C.  
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Figure 7.14: Low temperature M-T curves measured at 500 Oe applied field under ZFC and FC 

conditions for S2, S3, S5 and S6 samples. 

 

Figure 7.14 depicts M-T data measured at 500 Oe applied field under ZFC and FC 

conditions for S2, S3, S5 and S6 samples. The salient features observed from the figure are as 

follows: (i) For samples S2 and S3, ZFC magnetization increases initially with decreasing 

temperature from 300 K followed by a continuous decrease at low temperature resulting a 

broad peak in the ZFC curves. (ii) For the samples S5 and S6, ZFC magnetization decreases 

continuously with decreasing temperatures and saturates at low temperature below 50 K for S6 

sample. (iii) However, FC magnetization invariably depicts progressive increases in the 
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magnetization (though with varying rates in different temperature regimes) with decreasing 

temperature from 300 K. (iv) The value of magnetization at any temperature decreases with 

increasing TA or average particle size. A similar nature of the M-T curves was reported in 

Ni0.7Zn0.3O nanoparticles with increasing the average particle size [LUOW1991]. These results 

along with room temperature M-H curves as shown in Figure 7.08 reveal that the magnetic 

nature of NiO particles changes from FM to AFM with increasing the average particle size and 

hence resulting a different temperature dependent magnetic properties. This is in close 

agreement with the earlier reports by Thota et al [THOT2007] on similar systems. 

 
Figure 7.15: Low temperature M-H loops of S1, S2, S3 and S5 samples measured under ZFC 

conditions and FC condition for S3 and S5 samples. 
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Figure 7.16: The variations of HC, M14kOe and HE as a function of temperature for S1, S2, S3, 

S5 and S6 samples obtained from temperature dependent M-H loops measured under ZFC and 

FC conditions. 

 

To study the effect of applied field on the magnetic nature at low temperature, M–H loops 

at different temperatures in the temperature range from 25 K to 300 K were measured under 

ZFC and FC conditions. Figure 7.15 depicts expanded view of typical M-H loops measured 

under ZFC conditions for S1 (a), S2 (b), S3 (c), S5 (e) samples and FC condition for S3 (d) and 

S5 (f) samples at different temperatures. While the nature of the loops does not change with 
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temperature, the applied field of 14 kOe is not enough to saturate the loops. A careful 

observation of the loops suggests that FC samples exhibit more shift towards negative axis with 

decreasing temperature. This can be explained based on the enhanced surface anisotropy 

between the compensated inner core and uncompensated surface spin on the nanoparticles. 

Figure 7.16 displays the extracted values of HC, M14kOe and calculated values of exchange bias 

(HE = (|HC-|-|HC+|)/2) as a function of temperature for S1, S2, S3, S5 and S6 samples obtained 

under ZFC and FC conditions. While the values of HC and M14kOe increase considerably with 

decreasing temperature as expected for typical FM materials, the rate of increase of 

magnetization with decreasing temperature is significantly weak suggesting that number of 

surface spins on NiO nanoparticles is limited. On the other hand, the variations of HE(T) 

obtained under ZFC condition exhibit weak dependence on temperature, whereas the FC 

condition shows a larger variation with temperature particularly at lower temperatures below 

150 K where the spin glass nature was observed for these samples. This can be attributed to the 

fact the FC condition promotes additional anisotropy between freezing surface spins and 

compensated spins at the core. A comparison of variation in HE(T) for the samples annealed at 

350 °C and 500 °C reveals that (i) NiO samples annealed at 350 °C show large variation in the 

HE(T) under FC condition due to the existence of spin glass phase, which induce additional 

anisotropy between surface spins and compensated core spins. (ii) For the NiO samples 

annealed at 500 °C, the variation in HE(T) is small due to the change in the magnetic nature 

from FM to AFM with increasing particle size [THOT2007, PECK2011]. Since the enhanced 

HC and loop shift are considered to be the key experiment manifestations of the multi-sublattice 

surface-spin ordering and the exchange bias effect, their presence in the nanoparticles are true 

nanoscale phenomena, originating from the large surface to volume ratio of the NiO 

nanoparticles. 

To understand the stability of FM above room temperature, high temperature M-T 

curves were obtained at 2 kOe applied field with 4 oC/min heating rate from 300 K to 900 K 

for S1, S2 and S3 samples and depicted in Figure 7.17. M-T curve of commercially available 

NiO powder is also shown for comparison. For commercially available NiO powder, 

magnetization increases slowly up to 525 K and then decreases above 525 K. The Néel 

temperature determined from peak in M–T curve is found to be 525 K. On the other hand, the 

sample S1 exhibits a gradual decrease in magnetization with increasing temperature up to 560 

K. On further increasing temperature, a large decrease in magnetization was observed and 

varies sluggishly at higher temperatures.  
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Figure 7.17: High temperature M-T curves of commercially available NiO powder, S1, S2 and 

S3 samples. Inset depicts the thermal derivative of magnetization data for S1, S2 and S3 

samples close to transition. 

 

Figure 7.18: Room temperature EPR spectra of NiO nanoparticles annealed at (a) 350 °C (S1-

S4) and (b) 500 °C (S5-S8). 

 

A similar behavior has been observed for S2 and S3 samples, but the drop of 

magnetization around 600 K increases with increasing molar concentration up to 0.3. This 
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could be attributed to the induced FM phase in NiO particles resulting a clear magnetic phase 

transition from FM to PM state at high temperature. Curie temperature of the phase transition 

(TC) was determined from the thermal derivation of M-T data as shown in inset of Figure 7.17. 

The minimum point in the dM/dT curve is very broad for S1 sample due to weak FM, which 

becomes much sharper for S2 and S3 samples. TC was observed to be around 610 K, but found 

to increase slightly from 610 K to 618 K with increasing molar concentration from 0.1 to 0.3. 

Nevertheless, the obtained value of TC is lower than the bulk Ni (~ 630 K) [MAND2009]. 

These results certainly support the existence of uncompensated surface spins inducing FM in 

size reduced NiO particles. 

 

7.3.5. Resonance properties 

EPR spectroscopy is a useful technique for studying the materials with unpaired electrons and 

defects. In order to understand the effects of nanostructures and molar concentration on the 

magnetic properties, EPR measurement was carried out on all samples and displayed in Figure 

7.18. It is seen that all the spectra of NiO samples annealed at 350 °C are found to exhibit a 

broad resonant peak except for S4 sample. The value of g is approximately ranging between 

2.2 - 2.4, which could be attributed to the Ni2+ ions. The relative intensity and line width of 

these absorption lines exhibit a strong dependence on molar concentration, i.e., with increasing 

molar concentration up to 0.3 the peak intensity increases significantly and the broad peak 

shifts towards lower fields indicating a clear FM signature of the materials [SRIN2011]. On 

further increasing molar concentration to 0.5, the width of the signal and g value were reduced, 

which can be attributed to the variation of magnetic nature in the sample resulting in a decrease 

in FM properties [NIBA2003]. Changes in line width, strong dipole-dipole and exchange 

interaction between nickel ions are reported for NiO nanoparticles annealed at 350 oC 

[WINK2005]. On the other hand, the samples annealed at 500 °C exhibit different nature of 

the spectra except for S5 sample. The EPR spectrum of S5 sample is almost similar to S2 

sample, but with large broadening. It may be noted that S5 sample exhibits moderate room 

temperature FM.  

In contrast, the samples S6-S8 show completely different spectra with large broadening 

as compared to samples annealed at 350 °C. The decreasing intensity of the EPR signal with 

increasing particle size can be correlated to the reduced surface Ni spins with increasing the 

particle size and changes the magnetic properties from FM to AFM nature [YIJB2007, 

SHIM2008]. It may be noted that EPR signal of most bulk AFM materials disappear below its 
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transition temperature due to the effect of very strong exchange fields, which require resonance 

frequency higher than EPR GHz region. On the other hand, the appearance of EPR signal in 

nanoparticles can be correlated to one or more of the following different mechanisms: (i) size 

effect which substantially lowers the Néel point [KENN1987], (ii) formation of uncompensated 

spins on the surface of the particle [NEEL1962] (iii) creation of a spin glass-like shell on the 

particle surface [TIWA2005], (iv) formation of a weak magnetic moment caused by the canting 

of the magnetic sublattices [ZYSL1994, KODA1997], and (v) extraneous FM impurities 

produced during sample fabrication. A comparison between EPR signal and magnetic 

measurements suggests that the formation of EPR signal could be attributed to the existence of 

uncompensated spin on the surface of NiO particles, which provides supportable explanation 

for temperature and field dependent magnetic properties. Therefore, it has been concluded that 

EPR signals are found to be affected by not only TA but also by molar concentration, which 

modifies the surface nature of the nanoparticles. 

These results also suggest that the preparation conditions strongly affect the physical 

properties of the nanoparticles. Nevertheless, the preparation of fine NiO nanoparticles with 

relatively large magnetization at room temperature for the optimum molar concentration in the 

present investigation is remarkable. 

 

7.4. Summary 

A systematic investigation of structural, vibrational, optical, magnetic and resonance properties 

of NiO nanoparticles prepared using sol-gel method with different molar concentrations and 

annealed at different temperatures has been carried out. The salient features of the NiO 

nanoparticles from the current investigations are as follows: 

 Structural properties reveal that as-made particles exhibit nickel hydroxide structure, 

which transforms into single phase face centered cubic NiO with negligible strain after 

air annealing at different temperatures. The average crystallite size increases with 

increasing annealing temperature. Microstructural studies show that the shape of the 

particles changes from spherical into non-spherical nature with increasing different 

temperatures. 

 Vibrational studies show a new Raman band at 500 cm-1 associated with magnetic 

origin induced by strong phonon-magnon interaction. This peak shows red-shift with 

increasing molar concentration for the samples annealed at 350 °C. The presence of 

2M mode was not observed in the presently investigated samples. However, the 
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appearance of another type of excitation (SO modes) is observed for the non-spherical 

NiO nanoparticles.  

 The optical properties exhibit a strong UV emission around 350 nm, which depicts 

blue-shift for NiO nanoparticles as compared to bulk. 

 Magnetic study reveals that all samples exhibit magnetic hysteresis properties 

indicating the ferromagnetic nature. However, the ferromagnetic nature decreases with 

increasing annealing temperature, but the actual reduction in magnetization is sensitive 

to concentration. The optimum magnetic properties having moderate magnetization of 

0.85 emu/g and coercivity of 210 Oe were obtained for spherical shaped NiO particles 

with an average particle size of about 9 nm. 

 Low temperature magnetization shows a bifurcation between ZFC and FC curves and 

a peak in ZFC curves, which shift to lower temperature with increasing applied 

magnetic fields. The existence of spin glass like phase was verified through AT line 

plot. The presence of spin glass like phase provides additional anisotropy between the 

freezing surface spins and the compensated spins at the core under field cooling 

condition, which results in a larger exchange bias variation at lower temperatures. 

 A well-defined magnetic phase transition due to induced ferromagnetic nature is 

observed at high temperature around 610 K, but the phase transition temperature 

increases slightly from 610 K to 618 K with increasing molar concentration up to 0.3 

M. 

 Electron paramagnetic resonance studies revealed a close correlation with the magnetic 

properties. 
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The overall summary of the salient results obtained on the structural, vibrational, electronic, 

magnetic, resonance and optical properties of (a) NiO, (b) ZnO and (c) TiO2 nanocrystalline 

powders prepared by ball mill process and (d) NiO nanoparticles prepared by sol-gel method 

is listed in this chapter. Highlights of the current investigations and the possibilities for future 

work are also summarized below: 

 

8.1. Summary of the results 

Nanocrystalline NiO, ZnO and TiO2 powders were prepared by ball mill process under dry mill 

conditions in high energy planetary ball mill filled with high purity argon gas. Systematic 

studies of the evolution of nanocrystalline structure, vibrational, electronic, magnetic, 

resonance and optical properties of NiO, ZnO and TiO2 powders were carried out to understand 

the effect of milling characteristics on tuning the properties of these metal-oxide powders. The 

milled powders were subsequently heat treated at elevated temperatures under air atmosphere 

in a furnace. The changes occurring in the structure and physical properties of the annealed 

powders were evaluated to understand the origin of various physical properties in the 

nanocrystalline powders. For comparative study, NiO nanoparticles were prepared by sol-gel 

method with different molar concentrations and annealed at different annealing temperatures, 

and characterized structural, vibrational, optical, magnetic and resonance properties. 

Structural evolution during the course of milling was analyzed from the X-ray diffraction 

(XRD) using Williamson-Hall plot and Modified Williamson-Hall plot methods and 

microscopy techniques. During the milling process, the average crystallite size of the powders 

decreased and reached down to around 11, 12 and 19 nm for the NiO, ZnO and TiO2 powders, 

respectively after milling for typically 30 to 40 hrs. On the other hand, the NiO nanoparticles 

prepared by sol-gel method exhibited nickel hydroxide structure, which transformed into single 

phase face centered cubic NiO with negligible strain after air annealing at different 

temperatures. The average crystallite size increased from about 9 nm to 15 nm with increasing 

annealing temperature from 350 °C to 500 °C. 

For NiO powders, the ball milling produced single phase face centered cubic 

nanocrystalline NiO powders without any impurities within the detection limit of the 

techniques utilized. Lattice volume decreased almost linearly with decreasing inverse of crystal 

size (D-1). Raman spectra showed the disappearance of two-magnon (2M) band immediately, 

broadening and enhancement of one-phonon (1P) longitudinal optical (LO) band and decrease 

of two-phonon (2P) LO and 2P TO vibration frequency with decreasing NiO crystal size. As a 
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result, the color of the NiO powders has changed from the pale green for pure NiO powder to 

dark green for milled NiO powder. This was attributed to the existence of non-stoichiometry 

in the milled NiO powders caused by the defects, size reduction, oxidization of Ni2+ to Ni3+ 

due to breaking of Ni2+-O2--Ni2+ super-exchange interaction, as evidenced clearly from X-ray 

photoelectron spectroscopy (XPS) spectra. Photoluminescence (PL) study showed blue-

shifting of band edge emission peak, which confirmed the finite size effect in milled NiO 

powders. The pure NiO powder exhibited antiferromagnetic (AFM) nature, which transformed 

into ferromagnetic (FM) gradually at room temperature. The magnitude of induced FM in 

milled NiO powders dependent on the milling period. A maximum magnetization of 1.08 

emu/g at 12 kOe applied field and a coercivity of about 160 Oe were obtained at room 

temperature for 30 hrs milled NiO powder. As a result, the exchange bias decreased almost 

linearly with decreasing crystal size. Annealing of as-milled NiO powders (i) resulted in a large 

reduction in magnetization, but the rate of reduction strongly dependent on the milling 

conditions and (ii) confirmed the origin of FM as intrinsic one. Temperature dependent 

magnetization (M-T) measurements in the low temperature range exhibited two peaks 

corresponding to freezing of surface spin and spin glass like phase. The presence of spin glass 

like phase was verified through de Almedia-Thouless (AT) line plot. The spin glass phase 

provided additional anisotropy and enhanced exchange bias under field-cooling condition. 

High temperature M-T measurements showed the presence of mixed magnetic phases for the 

initial period of milling and on-set of ferromagnetic behavior with a well-defined magnetic 

phase transition (TC) at around 780 K. Electron paramagnetic resonance (EPR) study disclosed 

a close correlation between the EPR results and magnetic properties. 

Similarly, both pure un-milled and milled ZnO powders exhibited single phase hexagonal 

wurtzite structure without any detectable impurities. Bulk ZnO powder yielded six Raman-

active modes including two B1 silent modes. Upon milling, the development of E1(LO) 

vibration mode attributed to defects due to oxygen vacancies and/or Zn interstitials in ZnO 

powders has been observed. XPS spectra of bulk ZnO powder exhibited two strong peaks 

centered around 1022 and 1045 eV, which were in agreement with the binding energies of Zn 

2p3/2 and Zn 2p1/2, respectively, with a spin-orbital-splitting of 23 eV. This confirmed that Zn 

is present as Zn2+. In addition, the O 1s spectrum exhibited a broad asymmetric feature 

indicating the presence of multi-component oxygen species: (i) low binding energy peak at 

530.3 eV due to O2− ions on the wurtzite structure of the hexagonal Zn2+ ion array, which are 

surrounded by zinc atoms with their full complement of nearest-neighbor O2− ions, (ii) 

intermediate binding energy peak at 531.5 eV associated with O2− ions that are in oxygen 
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deficient regions within the matrix of ZnO and higher binding energy peak at 532.7 eV due to 

absorbed H2O or O2 molecules on the surface. With increasing milling time, the peaks at 531.5 

eV and 532.7 eV increased at the expense of the peak at 530.3 eV, indicating the increase in 

oxygen vacancies with milling. The optical studies revealed a blue-shifting of excitonic 

absorption peak with crystal size reduction. This resulted in an increase in band gap with size 

reduction in milled ZnO powders. Paramagnetic (PM) nature observed in un-milled ZnO 

gradually unveiled room temperature FM with modest magnetization and coercivity. A 

maximum magnetization of 0.92 emu/g at 12 kOe applied field and a coercivity of 172 Oe were 

obtained for 40 hrs milled ZnO powder. Annealing of the as-milled ZnO powders displayed a 

drastic reduction in room temperature magnetization signifying the observed FM properties as 

intrinsic one. High temperature M-T data disclosed a clear magnetic phase transition from FM 

to PM state around 500 °C, which shifted slightly towards higher temperature with increasing 

milling period up to 20 hrs. EPR study showed that FM order increased with increasing milling 

time due to the increase in oxygen and zinc vacancies. A close correlation between EPR results 

and magnetic properties was observed. 

On the other hand, the milled TiO2 powders exhibited peak broadening in XRD peaks along 

with the development of new phases corresponding to oxygen deficient TiO2-δ and rutile phases. 

Vibrational studies confirmed the formation of news phases with increasing milling period. XPS 

spectra of pure TiO2 powder showed that in Ti 2p spectra, two peaks centered around binding 

energy of 459 and 465 eV, assignable to 2p3/2 and 2p1/2, respectively, of Ti4+ in TiO2. This 

suggested the identical chemical state of Ti atoms in pure TiO2. However, with increasing milling 

period, a significant Ti3+ signals could be observed in Ti 2p spectra providing the evidence of 

oxygen vacancies in the milled powders. In addition, O 1s signal of milled powders depicted three 

contributions at 530.7, 532.9 and 534.3 eV after peak modeling. The main peak at 530.7 eV was 

ascribed to lattice oxygen in TiO2, while the signal at 532.9 eV was related to surface hydroxyl 

groups. The calculated spectrum exhibited additional feature at 534.3 eV arising from the O atom 

of the water molecule. Paramagnetic nature observed in pure anatase phase of TiO2 transformed 

into induced FM with crystal size reduction. A maximum magnetization of 0.15 emu/g at 12 kOe 

applied field and a coercivity of about 155 Oe were obtained for 60 hrs milled TiO2 powder. EPR 

study showed that the nature of EPR signals changes with milling time due to the increase in 

oxygen and Ti vacancies and exhibited a good agreement with magnetic properties. Optical 

studies revealed two major peaks around 395 nm and 470 nm due to band-to-band direct 

transitions in pure TiO2 powders. Upon milling, additional peaks were observed due to surface 
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recombination, oxygen vacancies and surface defects. The lattice strain and defects reduced the 

bandgap slightly. 

The NiO nanoparticles prepared by sol-gel method with different molar concentrations 

and annealed at different temperatures showed single phase face centered cubic structure with 

negligible strain and without any detectable impurity phases. The shape of NiO particles 

changed from spherical to non-spherical with increasing annealing temperature. Raman spectra 

exhibited a new Raman band at 500 cm-1 associated with magnetic origin induced by strong 

phonon-magnon interaction. This peak showed red-shift with increasing molar concentration 

for the samples annealed at 350 °C. The presence of 2M mode was not observed in the presently 

investigated samples. The optical properties exhibited a strong UV emission around 350 nm, 

which depicted blue-shift for NiO nanoparticles as compared to bulk. Low temperature M-T 

curves in 350 °C annealed samples displayed peaks in zero-field-cooled curves, which shifted 

to lower temperature with increasing applied magnetic fields. The existence of spin glass like 

phase due to freezing of the uncompensated surface spins was verified through AT line plot. 

The presence of spin glass like phase provided additional anisotropy between the freezing 

surface spins and the compensated spins at the core under field cooling condition, which 

resulted in a larger exchange bias variation at lower temperatures. However, the samples 

annealed at 500 °C with molar concentration more than 0.1 M neither showed spin glass nor 

exhibited large exchange bias. A well-defined magnetic phase transition due to induced FM 

nature was observed at high temperature around 610 K, but the phase transition temperature 

increased slightly from 610 K to 618 K with increasing molar concentration up to 0.3 M. EPR 

studies showed good agreement with the observed magnetic properties. 

The present studies have brought out several interesting results which contribute to the 

understanding of the evolution of magnetic properties in nanocrystalline metal-oxide powders 

under different preparation conditions. These studies have also revealed the strong correlation 

between structure, vibrational, electronic, magnetic, resonance and optical properties of metal-

oxide powders prepared under optimum conditions. 

 

8.2. Scope for future work 

The present investigations on as-milled and annealed metal-oxide powders have revealed that 

there are several aspects of interest in these materials. A study of the local environment of metal 

and oxygen in these powders milled for various milling time periods would help in understanding 

(i) the development of defects such as vacancies of Ni, Zn, Ti and O and (ii) the manner in which 
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the super-exchange interaction fades away with decreasing the average crystal size and increasing 

defects. It has been observed that for NiO powders, the two-magnon band in Raman spectra 

disappears rapidly within the milling period of 30 minutes. However, the determined crystallite 

size for 30 minutes milled NiO powder is around 25 nm. This raises the question that whether the 

size reduction or defects dominates the breaking of super-exchange interaction in NiO powders. 

Hence, the milling of NiO under low milling intensity (low milling speed and reduced ball-to-

powder weight ratio) would possibly provide the dominant contribution from defects and size 

reduction. X-ray magnetic circular dichroism studies on the pure and milled NiO powders would 

reveal the magnetic interactions in these nanocrystalline powders and might provide insights on 

enhancing the magnetic properties. The maximum magnetization of 1.08 emu/g, 0.92 emu/g, 0.15 

emu/g and 0.85 emu/g was observed for nanocrystalline NiO, ZnO and TiO2 powders prepared 

by ball milling and NiO nanoparticles prepared by sol-gel method, respectively. Although this is 

found to be one of the challenging results, the obtained behaviors suggest that the fine tuning of 

size in these metal-oxide powders may help in further enhancing the magnetic properties. 

Additionally, it is worthy to investigate green compacted and sintered targets of the above 

powders towards developing thin films suited for applications in spintronics. 
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