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ABSTRACT 

 

Imaging techniques have been developed for decades for the detection of biomolecules in 

biomedicine cells, in vitro or in living cells and organisms. The application however, often 

constrained by the available probes, whose optical properties may limit the imaging possibilities. 

It is very essential to improve the sensitivity of these devices by enhancing efficiency to detection. 

Recently, Fe3O4 has been used primarily in cancer theranostic application such as magnetic 

resonance imaging (MRI). However, its toxicity towards normal cells has been pointed out by 

scientific communities, when they are involved in in vitro (helics) cancer treatment. In this work, 

we have chosen to use α-Fe2O3, because it has proven to be less toxic than Fe3O4. Hematite is 

antiferromagnetic (AFM) at room temperature with a small canted moment lying within the crystal 

symmetry plane. At low temperature, hematite undergoes a magnetic phase transition from weak 

ferromagnetic (WFM) to a pure antiferromagnetic configuration (AF), which is known as the 

Morin transition. This magnetic property makes it possible for hematite to be applied in imaging 

technique. To enhance the optical properties, the α-Fe2O3 is doped with lanthanide ions due to their 

unique optical properties. Incorporation of these rare earth ions, enable the α-Fe2O3 to have 

enhance luminescence properties.  

 

These lanthanide-doped nanoparticles (UCNPs) undergoes up-conversion process which have 

remarkable ability to combine two or more low energy photons to generate a singly high energy 

photon by an anti-stokes process and hold great promise for bio-imaging. These nanoparticles 

exhibit excellent photostability, continuous emission capability and sharp multi-peak line 

emission. With near infrared excitation, light scattering by biological tissues is substantially 

reduced. α-Fe2O3 have been singly and co-doped with Holmium, Thulium, and Ytterbium by both 

sol-gel and microwave methods. The doping of these lanthanides have shown improved 

luminescent properties of α-Fe2O3. The up-conversion has been observed from co-doping Thulium 

and Ytterbium. This work is a proof of concept to show the up-conversion in α-Fe2O3.  However, 

the up-conversion intensity is low about 200000 CPS maximum observed, this could be due to the 

nature of the host structure quenching the luminescence. There is rather, a need to increase the 

intensity for the maximum application to be achieved.    
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Chapter1: Literature Review  
 

1.1  The Iron oxide 
 

1.1.1  Introduction 

The field of nanostructured materials has been growing steady during recent years. In the area such 

as processing, an important progress has been made that allow the production of large quantities 

of materials, and a more precise control of chemical structure [1]. Metal oxides plays a very 

important role in many areas of chemistry, physics and material science. Oxides of compounds 

with a large diversity are formed from these metal elements. A vast number of structural 

geometries with an electronic structure that can exhibit metallic, semiconductor or insulator 

character can be adopted from these metal oxides. In the field of nanotechnology, the goal is to 

make nanostructures or nanoarrays with special properties with respect to those of bulk or single 

particle species [2].  

These nanostructured materials are solids composed of structural elements, mostly crystallites, 

with characteristic size of few nanometers [3]. When the particle size decreases to the sub-

micrometer regime, the physical and chemical properties of these solids changes. The relative 

number of atoms at the surfaces and interferences increases with decreasing size, making surface 

effects very important in small solids. The properties of intergranular matter are often vastly 

different from normal bulk matter. The lattice constants also changes when the size decreases, 

even though these changes are small they often lead to important modifications in many physical 

properties [4]. Many oxides exhibit this phenomenon i.e. ZnO, VO2, Fe2O3, ZrO2, Al2O3, TiO2 etc. 

In our work we focus on iron oxide (α-Fe2O3).      

Iron oxides are common compounds, which are widespread in nature and can be readily 

synthesized in the laboratory. For centuries magnetic iron oxides have served humans, where the 

application of small iron oxide nanoparticles as contrast agents for in vitro (helix) diagnosis has 

been practiced for nearly half a century [5]. Iron oxides are one of the most important transition 

metal oxides of technological importance. It has sixteen pure phases. These are Fe(OH)3, Fe(OH)2, 



2 | P a g e  
 

Fe5HO8⋅4H2O, Fe3O4, FeO, five polymorphs of FeOOH and four of Fe2O3. The trivalent state, low 

stability and brilliant colors are the interesting characteristics of these compounds. 

Fe8O8(OH)(SO4)∙nH2O  and (Fe3+)2O3∙0.5H2O are poorly crystalline whereas all the rest of iron 

oxide are crystalline [6]. Of all the iron oxides α-Fe2O3, γ-Fe2O3, β-Fe2O3 and Fe3O4 are the most 

studied. α-Fe2O3 (Hematite), shown in Fig 1.1 is the most stable iron oxide under ambient 

conditions [7]. 

 

Figure 1. 1 Crystal structure and crystallographic data of Hematite (green ball is Fe3+ and red ball is O2-) [5]. 

 

 

Figure 1. 2 Hematite. (a) The hexagonal unit cell of α-Fe2O3 contains 6 formula units. O2- anions are red, Feoct
3+ cations are 

brown. (b) Feoct3+ cations occupy two thirds of the octahedral interstitial sites between hexagonal close packed O2- planes 

(drawn in space filling style with unit cell indicated). (c) Side view of the α-Fe2O3 structure that shows how the Feoct
3+ cations 

are not coplanar [8]. 
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α-Fe2O3 is isostructural with corundum, α-AlO3.  It has a hexagonal unit cell with a = 0.5034 nm 

and c = 1.375 nm. There are six formula units per unit cell. The miller indices are (hkil) in the 

hexagonal symmetry, where i may be replaced by a dot as h + k = -i. The indexing of hematite 

may also be a rhombohedral system. arh = 0.5427 nm and α = 55.3° and there are two formula units 

per cell for rhombohedral system [9]. Since the structure is similar to that of the corundum, it 

consists of a dense arrangement of Fe3+ ions in octahedral coordination with oxygen in hexagonal 

closed-packing. In addition, the structure can be described as the stacking of sheets of octahedraly 

coordinated Fe3+ ions between two closed-packed layers of oxygen. Each of the oxygen is bonded 

to only two Fe ions since Fe is in a trivalent state, only two out of three available oxygen 

octahedrons are occupied. For the structure to be neutral with no charge excess or deficit, this 

arrangement is essential. The strong covalent bonds are the one that hold together the Fe-O sheets 

[6]. 

    

1.1.2 Magnetic Properties 

The iron atom has a strong magnetic moment due to four unpaired electrons (Fe=4s25d6) in its 3d 

orbitals. When crystals are formed from iron atoms, different magnetic states can arise. In 

paramagnetic state, the individual atomic magnetic moments are randomly aligned with respect to 

each other, and the crystal has a zero net magnetic moment. If this crystal is subjected to an external 

magnetic field, some of these moments will align, and the crystal will attain a small net magnetic 

moment. In a ferromagnetic crystal, all the individual moments are aligned even without an 

external field. A ferrimagnetic crystal, on the other hand, has a net magnetic moment from two 

types of atoms with moments of different strengths that are arranged in an antiparallel fashion. If 

the antiparallel magnetic moments are of the same magnitude, then the crystal is antiferromagnetic 

and possesses no net magnetic moment, these different magnetic moments are shown in figure 1.3 

[10].  
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Figure 1. 3  Alignment of individual atomic magnetic moments in different types of materials [10]. 

 

Microscopically crystalline α-Fe2O3 (hematite) has the corundum crystal structure. It orders anti-

ferromagnetically at its Neel temperature TN (948 < T< 963 K) and it undergoes a spin-flip 

transition at the Morin temperature, TM = 263 K: between TN and TM α-Fe2O3 is a canted 

antiferromagnet with the spin perpendicular to the trigonal axis, except for a slight canting out of 

the basal plane, which results in a small net magnetic moments (weak ferromangnetism). Below 

TM, the spins lie along the axis and the material behaves as a pure uniaxial antiferromagnet [11]. 

Bulk magnetite is a ferromagnetic spinel with a high curie temperature of 858 K at Tc ≈ 125 K. 

The bulk Fe3O4 shows electrical, magnetic and other anomalies, which indicate a phase transition 

known as the Verwey transition. Also Fe3O4 has an isotropic point at 130 K where the first magneto 

crystalline anisotropy K1 passes through zero [12]. Maghemite is ferromagnetic at room 

temperature, unsuitable at high temperatures, and loses its susceptibility with time. However, it 

can be stabilized by doping with other metal ions. Its curie temperature is difficult to determine 

experimentally because maghemite undergoes an irreversible crystallographic change to hematite 

at ~ 673.15K, with a consequent dramatic loss of magnetization. However, the Curie temperature 

is believed to be between 820 K and 986 K. Maghemite particles smaller than 10 nm are 

superparamagnetic at room temperature. Aggregation of ultrafine maghemite particles sometimes 
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leads to magnetic coupling between particles and ordering of magnetic moment, which is termed 

superferromagnetism [10]. Maghemite nanoparticles are the best candidates as base elements for 

designing molecular or cellular imaging contrast agent: their transverse relaxivity is far greater 

than for any other compounds and each targeted particle contains many thousands of iron atoms 

[13]. On the other hand, hematite has the striking optical properties, its color, which was known 

for years but not studied in details until the work by Kerker et al [14]. for colloidal hematite. Hund, 

Ryde and Matijevic correlated the color to particle size and shape [15] 

 

1.1.3 Optical Properties 

The variety of colors exhibited by the iron oxides result from different types of electronic 

transitions [16]. The red and yellow iron oxides absorb strongly in the UV region and are weakly 

absorbing in the visible/near IR region. The optical spectra of the iron oxides from the diffusely 

reflected radiation in the UV-VIS-NIR range cover the range between 200 and 1000 nm. Structural 

and other properties are reflected in these spectra. They are the results of three types of electronic 

transitions: (1) FeIII crystal to ligand field transitions, (2) interactions between magnetically 

coupled FeIII ions and (3) ligand (oxygen)-metal charge transfer excitation from the O (2p) non-

bonding valence band to the Fe (3d) ligand field orbitals, or in some cases between FeII and FeIII. 

The vivid colors of most of the iron oxides are caused by the absorption in the visible region [9]. 

Excitation from the ground state 6A1 to the excited ligand field state is involved in the ligand field 

(d-d) transition. These transitions are spin forbidden and are tend to be weak. Because of the 

magnetic coupling of the next to the nearest neighbor FeIII in the crystal structure, iron oxide 

intensities are high. The coupling could also lead to simultaneous excitation of two cationic centers 

by one photon [17]. The transitions mainly responsible for absorption of visible light is the charge 

transfer transitions involving FeIII – O or FeII – FeIII. The absorption band produced is centered in 

the near UV, one side of which extends into the visible region. The overlain of the band in the 

visible is due to the ligand field transition (between 550 and 900 nm) and double excitation 

processes at 450 nm. Owing to the interaction between the FeIII – FeII pairs the d-d transitions are 

the one that contribute more to the color of iron oxides than would be expected [9]. 

P. Mallick and B. N. Dash reported on the UV-Visible of α-Fe2O3 nanoparticles annealed at 

different temperatures, shown in Fig 1.4.  The spectrum was divided into three regions: region I 
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(250 – 400 nm), region II (400 – 600 nm) and region III (600 – 780 nm). Region I is attributed to 

the ligand-to-metal charge-transfer (LMCT) transitions (direct transitions) with combined 

contributions from the Fe3+ ligand field transitions 6A1(
6S) to 4T1(

4P) at 290–310 nm, 6A1(6S) to 

4E(4D) and 6A1(6S) to 4T1(
4D) at 360–380 nm. The absorption band in region II is associated with 

the double excitation processes of 6A1(6S)+6A1(
6S) to 4T1(

4G)+4T1(4G) at 485–550 nm, and is most 

likely overlapped by the contributions from 6A1(
6S) to 4E, 4A1(

4G) ligand field transitions at 430 

nm and the charge-transfer band tail. This inter-band transition is primarily responsible for the red 

colour of hematite. Region III corresponds to the 6A1(
6S) to 4T2(

4G) ligand field transition at about 

640 nm [7]. Iron oxide can be doped with metals or rare earth ions, thereby introducing defects 

into the material.  

 

Figure 1. 4 Variation of absorption coefficient of α -Fe2O3 nanoparticles annealed at 500, 600 and 700℃ with wavelength [7]. 

 

1.1.4 Point defects of α-Fe2O3 

Hematite has an indirect band gap of ≈ 2.2 eV that is of d-d origin, and a direct optical gap of 2.7 

eV. Dieckmann in 1993 [8] reviewed the knowledge of point defects and diffusion in α-Fe2O3, 

where it was concluded that oxygen vacancies are dominant defects between 1373 K and 1573 K. 

A tracer diffusion of 57Fe and 18O measurements revealed that oxygen diffusion is faster than that 
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of Fe. Catlon et.al proposed that electronic disorder outweighs ionic diffusion and is responsible 

for electric conductivity; however, in general it seems that both Vo and interstitial Fe can form. Vo, 

which leads to enhanced carrier concentration, has been a defective α-Fe2O3, which was prepared 

under poor O2 environment. It has been concluded that these defects are most likely responsible 

for charge carriers under ambient condition, since Fe interstitial and vacancies form donor and 

acceptors states, respectively [8]. Joohee Lee and Seungwu Han investigated native point defects 

in Fe2O3 theoretically using ab initio method based on the GGA + U formation. Vacancies and 

interstitial of Fe and O atoms were considered as well as the electron polaron as FeII defects as the 

host FeIII site. The Fe interstitial and O vacancy were found to form donor and acceptor levels 

close to band edges, respectively, thereby allowing for charge carrier at room temperature. Oxygen 

deficiency under high temperature equilibrium conditions was further determined and find 

excellent agreement with experimental. The oxygen vacancy is mostly neutral and the Fe 

interstitial is responsible for electron carriers [18].  

 

1.2 Band gap theory of semiconductors 
When a compound is formed by atoms coming together, their atom orbital energies mix to form 

molecular orbital energies. As more atoms begin to mix and more molecular orbitals are formed, 

many of these energy levels are expected to be very close to each other, or even completely 

degenerate, in energy. Therefore, a band of energy is formed by these energy levels. A 

semiconductor will actually act as insulator at absolute zero according to band theory. It will then 

act as a semiconductor above the absolute zero temperature and yet still staying below the melting 

point of the solid. A semiconductor is known by the fully occupied valence band and unoccupied 

conduction band as shown in Fig 1.5, with the small gap between these bands. It takes certain 

amount of energy to excite an electron from the valence band to conduction band. Upon irradiation 

by photons with greater energy than the band gap, an electron in a semiconductor will be promoted 

from the valence band, leaving a ‘hole’ in a valence band. The ‘hole’ will therefore behave as a 

‘particle’ with a certain effective mass and positive charge. The band state of the electron-hole pair 

is called ‘exciton’ [19]. Luis Brus has developed the relation between the size and the band gap 

energy of semiconductor nanocrystals by applying the particle in sphere model approximation to 

the bulk Wannier Hamiltonian [20].  
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Figure 1. 5 Schematic illustration of the electronic band structure of iron oxides [19]. 

 

Inorganic metal and semiconductor nanoparticles are zero dimensional nanomaterials. With 

semiconductor quantum dots (Qd) being the most extensively developed and studied [21]. Their 

unique size (1-10 nm) and shape dependent optical and electronic properties differing from the 

bulk and form the atomic level are attributed to the 3-dimensional quantum confinement effect.  

The lowest eigenvalue in a quantum confined system according to the approximation is given by  

    Eg,Qd = Eg,b +( 
ħ𝟐

𝟖𝑹𝟐 ) ( 
𝟏

𝒎𝒆
 + 

𝟏

𝒎𝒉
 ) – (

𝟏.𝟖𝒆𝟐

 𝟒𝝅𝜺𝟎𝜺𝑹
),       (1.1) 

where the first two energy terms are the band energies of the quantum dot and bulk solid, 

respectively. R is the quantum dot radius, me is the effective mass of the electron in the solid, e is 

the elementary charge of the electron, ħ is planks constant, mh is the effective mass of the hole in 

the solid, and ε is the dielectric constant of the solid. The middle and the last terms represent the 

exciton of a ‘particle-in-a-box-like’ and coulomb attraction of the electron-hole pair, respectively. 

From the equation it can be seen that as the dimension (R) decreases, the band gap increases, which 

is shown in Fig 1.6. [22]. Semiconductor nanomaterials can be doped of metals or rare earth ions 

to engineer or manipulate certain properties for a particular application. 
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Figure 1. 6 Size-dependent PL colors of semiconductor QDs [21]. 

 

1.3 Properties of lanthanide doped nanoparticles  
The incomplete 4f shell which produces a very large number of low-lying levels enables the rare 

earths to have the most complicated spectra of any of the element. Their transition gives many-

line spectrum without any apparent regularity. Even the prominent feature, which is the multiples, 

of the spectra of the transition elements is in general unrecognizable. This has caused a neglect of 

the rare earth spectra. However, recently there has been a renewed attention by researchers towards 

the rare earths because of their growing importance [23]. The fascinating optical properties of the 

trivalent lanthanides ions, Ln3+, originate from the special features of the electronic [Xe]4fn 

configurations (n = 0 – 14). A rich number of electronic states are generated by these configuration, 

of which the number is given by [14!/n!(14 – n)!], translating to 3003 for Eu3+ and Tb3+, for 

example. Due to the shielding of the 4f orbitals by the filled 5s25p6 subshell, the energies of these 

levels are well defined, and they are little sensitive to the chemical environments in which the 

lanthanides ions are inserted [24].    

 The energy levels of the 4fn configurations of lanthanides ions were extensively measured in 

various host lattices, these measurements were carried out by Dieke and co-workers in the 1950s 
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and 1960s.  The energy levels diagrams (Fig 1.7) are referred to as ‘Dieke diagram’. The energies 

of the J multiplets vary by only a small amount in different host crystals which makes the diagram 

very useful [25].  

 

Figure 1. 7 Partial 4fn energy diagrams for Ln3+ ions. The main luminescent levels are drawn in red, while the ground states 

are indicated in blue [26]. 

 

The trivalent lanthanide (Ln3+) activated luminescent materials are widely used for solid state 

lasers, luminescence lamps, photonic devices, bio-imaging etc. Ln3+ ions in solids are enabled by 

their unique electronic structure to emit photon efficiency in the spectral region from UV to Vis to 

IR [27]. 

Ln3+ is involved in three types of transitions, Ligand to metal charge transfer (LMCT), 4f – 5d, 

and intra-configurational 4f – 4f. The former two usually occurs at higher energies which makes 

them irrelevant for bio-applications, so only the latter is discussed. The detrimental effect on the 

emissive properties of easily reducible Ln3+ ions (e. g Eu3+, Sm3+, or Tb3+) may be caused by the 

low-lying LMCT state. Some ions are found to be fluorescent (ΔS = 0), some are phosphorescent 

(ΔS > 0), and some are both. Ln3+ on their own do not give off light, however when inserted into 

a chemical environment, non-centrosymmetric interaction allows the mixing of electronic state of 
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opposite parity into the 4f wave functions and electric dipole (ED) transition become partly 

allowed, which are termed induced ED transition. The intensity of some of the transitions is 

particularly sensitive to the nature of the metal-ion environment, and these transitions are called 

hypersensitive [24]. 

1.4 Luminescence 
Luminescence is a phenomenon in which the electronic state of a substance is excited by some 

kind of external energy and excitation energy is given off as light. It is divided into 

phosphorescence and fluorescence. Where, in phosphorescence a light emission from a substance 

continues for few seconds, minutes or hours after the excitation radiation has ceased, while in 

fluorescence, emission stops suddenly after radiation has stopped [28]. Luminescence includes a 

wide variety of light emitting processes which derive their names from the varied sources of energy 

that power them. Electroluminescence is produced by the passage of an electric current through an 

ionized gas. Chemiluminescence derives its energy from chemical reaction. 

Chathodoluminescence light is generated from exposure of substances to cathode rays. 

Photoluminescence derives its energy from the absorption of photon energy [29]. 

The inorganic materials luminescence is composed of the following processes: (1) absorption and 

excitation, (2) energy transfer, and (3) emission. Most luminescent materials consist of a host 

material to which certain dopant ions, also termed activators, are added. The host lattice plays two 

distinctive roles in this case: as a passive matrix to define the spatial locations of the activator ions; 

and as an active participant in the luminescence process, exerting its own specific influence on the 

spectroscopic behavior of the activator. In the latter, it helps to shape the structure of the energy 

levels of the activator and also introduce vibrations of various energies, the so called phonons, 

which influence the kinetics of the luminescence phenomena [30]. Luminescence can be classified 

as intrinsic and extrinsic type. Intrinsic luminescence is related to intrinsic properties of the crystals 

that have different types of structural defects. An extrinsic luminescence is activated by impurities 

such as transition metals or rare earth elemental ions [29].  
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1.4.1 Intrinsic luminescence 

Three kinds of intrinsic photoluminescence: band-to-band, exciton and cross-luminescence. The 

recombination of an electron in the conduction band with a hole in the valence band results in 

band-to-band transition and can only be observed in a very pure crystal at relatively high 

temperature. The Fermi level which is an important concept in solid state material is defined as 

the energy level at which the probability of occupation by an electron is ½. For an intrinsic 

semiconductor, the Fermi level lies at the mid-point of the band gap. The distribution of electron 

within the solid is therefore changed by doping, and hence changes the Fermi level. For an n-type 

semiconductor, the Fermi level lies just below the conduction band, whereas for a p-type 

semiconductor it lies just above the valence band [31]. Luminescence occurs when a material 

absorbs radiation that brings about the transition of electrons from the valence band to the 

conduction band, which is then followed by radiative recombination of electrons [32]. The latter 

de-excitation of the electrons back to the valence band occurs via a luminescence center, which 

converts their energy to electromagnetic wave. These luminescence centers can either be intrinsic 

defects or extrinsic defects [33]. When an atom in a matrix is displaced from its original position 

to an interstitial position, it creates an intrinsic defect, where it generates a point defect leaving 

behind a vacancy effect [34]. When the electrons are excited from the valence band to the 

conduction band, the radiation is absorbed by a material within an intrinsic defect, leaving behind 

positively charged holes in the valence band. 

1.4.2  Extrinsic luminescence 

 Extrinsic defects are intentionally incorporated dopants into a host matrix, in order to generate a 

luminescence center. When the excited electrons de-excite to the luminescence center, it de-excite 

to the lower state of the center radiatively, giving electromagnetic wave with different wavelength 

depending on the ion adopted for luminescence center , D represents donor level and A acceptor 

level, as shown in Fig 1.8 [35]. Usually oxides based phosphors are employed to get efficient up 

and down conversion luminescence properties. Up-conversion is a process by which two or more 

low energy photons are converted into high-energy photon. Down conversion is a process by which 

one high-energy photon is converted into two or more lower energy photons [36]. 
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Figure 1. 8 A schematic diagram showing an emission from both intrinsic and extrinsic defects [35]. 

 

1.5 Up-conversion nanoparticles  
Up-conversion refers to a nonlinear optical process that converts two or more low-energy pump 

photons to a higher-energy output photon [37]. The infrared radiation is absorbed by the materials 

and up-converted to emit in the visible spectrum through a series of real as opposed to virtual 

levels as in conventional two-photon dyes. The mechanism of up-conversion can be described as 

either sequential excitation of the same atom or excitation of two centers and subsequent energy 

transfer [38]. The emission of Up-conversion nanoparticles (UCNPs) consists of sharp lines 

characteristic of atomic transitions in a well-ordered matrix. Using different rare earth dopants, 

including Er3+, a large number of distinctive emission spectra can be obtained that can be tailored 

to the photosensitizer excitation spectra. The sequential 2 photon nature of the excitation process 

is the main advantage, which gives rise to the very low power levels associated with up-conversion 

[39].     

 UCNPs hold a great promise for a broad range of application ranging from high-resolution bio-

imaging to modern photovoltaic technology, because of their remarkable ability to combine two 

or more low energy photons to generate a single high energy photon by an anti-Stokes process. 
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When excited by near infrared (NIR) wavelength, there is substantial reduction of light scattering 

by biological tissues. This reduction enables a depth penetration in tissue much larger than that 

obtained under UV or Vis excitation. The advantages of exciting with NIR is that it eliminates 

background interference from either endogenous fluorophores or non-specifically bound probes, 

thus enabling quantitative analysis of molecular interaction in biological samples [40]. 

The 4f – 4f orbital electronic transition with concomitant wave function localized within a single 

lanthanide ion give rise to upconversion photoluminescence. The outer complete 5s and 5p shells 

that shield the 4f electrons, results in line-like sharp emission, which exhibit high resistance to 

photobleaching, and photochemical degradation. The intra – 4f electronic transition of lanthanide 

are electric dipole forbidden by quantum mechanical selection rule, which, however, are relaxed 

due to local crystal field – induced intermixing of the f states with higher electronic configuration. 

The very long lifetime for energy levels of lanthanide ions are yielded by the primary forbidden 

nature of the 4f – 4f transitions thus favoring the occurrence of sequential excitations in the excited 

state of a single lanthanide ions as well as permitting favorable ion – ion interactions in the excited 

state to allow energy transfers between two or more lanthanide ions. These resulting features of 

lanthanides dopants determine the basic UC mechanisms [41].  

1.5.1 Down mechanisms 

Down-conversion is a stoke emission process resulting from an excited lanthanide ion embedded 

in a host lattice. Whereas, an anti-stoke emission process which the sequential absorption of two 

or more photons leads to the emission of light at a shorter wavelength (higher energy) than excited 

wavelength is called up-conversion [42]. Down conversion and different up-conversion 

luminescence mechanisms have been recognized either alone or in combination. Two basic 

mechanisms are widely used, excited state absorption (ESA) and Energy transfer up-conversion 

(ETU).  

(i) Down-conversion 

In a down-conversion mechanism, an incident irradiation is absorbed by an active material and 

converted to lower energy (longer wavelength) photon as shown in Fig 1.9.  
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Figure 1. 9 Down-conversion for lanthanide-doped nanoparticles [42]. 

 

1.5.2 Up-conversion mechanisms  

 (ii) ESA 

ESA up-conversion (Fig 1.10.) occurs upon excitation by sequentially absorbing one or more 

photons from the ground state to intermediate reservoir stage, and finally populate the excited 

state. An ion is first excited to the E1 state from ground state upon absorption of photon, a second 

pump photon promote the ion from E1 to higher energy photon E2, before it decays to the ground 

state E0 [43]. 
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Figure 1. 10 Excited state absorption up-conversion process for lanthanide-doped up-conversion nanoparticles [42]. 

 (iii) ETU 

In ETU process two ions are involved.  One ion absorbs the energy and transfer to the other ion. 

The already excited ion is excited to higher energy state by the transferred energy, which results 

in the emission of higher energy photon, as shown in Fig 1.11 [44].  

 

Figure 1. 11 Energy transfer up-conversion processes for lanthanide-doped up-conversion nanoparticles [43]. 
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Lanthanides ions with a ladder-like energy level structure are suitable for the single doping system 

including Er3+ and Ho3+, which are currently the most effective activators.  

Lanthanide ions such as Er3+ ions doped into a well suitable host materials are well known for up-

conversion emission, absorbing in the NIR range (980 nm) and emitting green (550 nm) and red 

(670 nm) visible light. When Er3+ ions are co-doped with Yb3+ ions, they show a high quantum 

yield for NIR absorption and is applied for sensitizing and enhancing the emission intensity Fig 

1.12 (b). Since the lanthanide doped nanophosphors are known for their emission of the NIR light 

under NIR excitation, the excited Yb3+ions which has a higher absorption efficiency than Er3+ ions 

can therefore transfer its energy to the Er3+ ions which results in the excitation of 4I11/2 level. The 

non-radiative decay to the 4I13/2 level follows the energy transfer and further radiative decay to the 

ground level under emission of 1.5 μm light Fig 1.12 (c). This emission in the NIR light under 980 

nm excitation recently has shown growing interest for biomedical application due to the so called 

biological window, which is a wavelength ranging from 650 to 1350 nm where light has its 

maximum depth of penetration in tissues [45]. 

 

Figure 1. 12 (a) Principle of up-conversion emission. (b) Up-conversion emission of visible light and (c) NIR emission under 

NIR excitation of an Er3+ and Yb3+ doped host matrix [45]. 
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1.5.2.1 Holmium ion (Ho3+) 

Holmium is a rare-earth metal, the 4f shell lack four electrons of being filled. The 6s2 and 5d1 

electrons are believed to enter the conduction band leaving a tri-positive ion core. The 4f shell 

however is deeply embedded in the ion’s interior and is screened from the crystalline environment 

by the filled 5s2 and 3p6 shell so that the configuration of the ion core is approximately described 

by the spectroscopic state 5I8. The magnetic moments result because of the unpaired electrons in 

the 4f shell. In the paramagnetic region, the holmium magnetic susceptibility gives of the values 

for the total effective magnetic moments of 10.6μB to 10.9μB, while measurement of the saturation 

magnetization gives values between 10.0μB and 10.34μB. 

Holmium has a hexagonal close-packed structure and the magnetic moment is found in three 

magnetic phases. The structure is paramagnetic with magnetic moment oriented at random above 

the Néel temperature of 131.4°K. It is antiferromagnetic with the average moment aligned in the 

basal plane to the next between the Néel temperature and the Curie point of 19.4°K, but as one 

proceeds from one basal to the next, the direction of the average moment rotates. Below the Curie 

point the structure is ferromagnetic with a conical spiral with a moment of 1.7μB in the basal planes 

[46]. Ho3+ has one of the highest magnetic moments of all elements (10.6 μb) and also exhibit 

characteristic luminescence [47]. Ho3+ is a good candidate for up-conversion processes because it 

has many long-lived intermediate metastable levels, from which ESA can take place as shown in 

Fig 1.13. There are several high-lying metastable levels that can give rise to transitions at various 

wavelengths in the visible and UV regions. However, most up-conversion studies on Ho3+ - doped 

materials focused on infrared and visible regions [48]. Ho3+ has two main up-conversion bands of 

green and red emission at 541 and 647 nm, corresponding to the transition 5S2/
5F4–

5I8 and 5F5–
5I8, 

respectively [49]. 
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Figure 1. 13 Partial energy-level diagrams of Ho3+ ions and proposed up-conversion emission mechanism [50]. 

 

1.5.1.2. Thulium (Tm3+) 

Tm3+ is the first Lanthanide ion from which up-conversion has been observed [50]. Thulium(III) 

complexes are mainly known for their combined weak visible/red/NIR emission from the 1G4 state, 

which lies at 21,200 cm-1 and thus requires near-UV absorbing antenna chromophores. The 

emission bands from this state are situated at 480, 650 and 770 nm. Recently, emission has been 

detected from the 3F4 state with emission bands at 790 and 1,465 nm. These 3F4 emissions can be 

sensitized through visibly absorbing tropolonate ligands that have triplet energies that are too low 

for sensitization of the 1G4 emissions. This NIR thulium(III) can also be sensitized by azulene-type 

chromophores, which have a moderate absorption in the red part of the visible light [51]. 
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Figure 1. 14 Partial energy-level diagrams of Tm3+ ions and proposed up-conversion emission mechanism [51]. 

 

1.5.1.3. Ytterbium (Yb3+) 

To increase the absorption of light, ytterbium ions are widely used as sensitizer. They possess a 

high absorption cross section and its 2F5/2 energy level overlaps ion energy with 4I1/2 energy level 

of erbium. This energy overlap derives to a very good resonant energy transfer between these two 

ions and the consequently greater efficiency of erbium luminescence generation. This makes 

ytterbium an ideal sensitizer ion for erbium [50], thereby making it possible to measure the UPC 

luminescence. Yb3+ has the advantage to present only two multiplets: the ground-state level 2F7/2 

and the excited-state level 2F5/2, corresponding to the highly efficiency absorption in the range of 

900 nm- 1000 nm. this particular energy level structure is highly desirable for efficient absorption 

of commercially available laser diode emitting around 980 nm and avoiding any undesirable 

excited-state absorption under intense optical pumping [52].   

Tm3+ -doped materials generates blue up-conversion emission from the electronic transitions 1D2 

→ 3F4 and 1G4 → 3H6 around 450 and 480 nm, respectively.  The energy transfer between Yb3+ 

and Tm3+ ions are well known. Yb3+ and Tm3+ are co-doped to significantly increase up-conversion 

yield owing to an efficient energy transfer from ytterbium to thulium. The advantage of Yb3+ ions 

are that they absorb in the near-infrared region around 940- 980 nm, where laser diodes work 

efficiently. Yb3+ ions are good sensitizer for Tm3+ ions, for which laser operation has already been 
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achieved in the blue region by up-conversion around 480 nm, and in the infrared region around 

1.5μm, 1.9μm and 2.3μm [53].  

By pumping 940 nm only Yb3+ ions are excited, the electronic population was excited from the 

ground state 2F7/2 to the 2F5/2 energy level. There is also a simultaneous interaction of two Yb3+ 

ions in the excited state 2F5/2, which transferred its energy to the 1G4 energy level of Tm3+ ions 

(2F5/2 + 2F5/2 + 3H6 → 2F7/2 + 2F7/2 + 1G4). The decay from the 1G4 to the 3H6 and 3F4 levels generated 

the emissions at 476 and 650 nm, respectively. The emissions at 802 nm and 1.48 μm were 

generated due to the decay from the 3H4 to the 3H6 and 3F4 levels, respectively [53]. This process 

is shown in Fig 1.15.  

 

Figure 1. 15 Diagram of the implied energy levels of thulium and ytterbium ions in the energy transfer [53]. 

 

1.6 Applications of α-Fe2O3 nanoparticles 
α-Fe2O3 nanoparticle has many applications in magnetic sealing, oscillation damping, position 

sensing, ultra-high density magnetic storage media, clinical diagnosis and treatment, imaging, 

photovoltaic, detection and separation [54]. The photovoltaic efficient properties have been 

demonstrated by the design of thin films of hematite consisting of crystalline arrays of oriented 

nanorods. They exhibit substantial photocurrent efficiency due to a better transport and collection 

of photogenerated electrons through a designed path as well as better physical and structural match 

between the n-type semiconductor material, the diameter of its nano building blocks and the 
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minority carrier diffusion length [55]. Fig 1.16 shows the coupled photoelectrocatalytic oxidation 

of H2O to O2 at a semiconductor anode and O2 reduction to water at a biocathode comprising an 

O2 reducing enzyme immobilized on an inexpensive carbon- cloth cathode [56]. 

 

Figure 1. 16 Schematic representation of the operation principle of a bio- photovoltaic cell consisting of a semiconductor photo-

anode and an O2-reducing bilirubin oxidase/carbon cloth bio-cathode [56]. 

 

In our work, we focus on the optical/fluorescence bio-imaging application. Fluorescence imaging 

among various modalities for bio-imaging is of special interest because of its low cost, high 

sensitivity and high spatial resolution. Auto-fluorescence, high light scattering and absorption of 

the different tissues and blood components are the fundamental barriers to fluorescence imaging 

of a tissue in the case of a real-time in vivo detection. These endogenous absorbers passed a high 

absorption characteristic between 200 nm and 650 nm and thus prevent light penetrating deep into 

the tissues in the visible range, this phenomenon is shown in Fig 1.17. The auto-fluorescence of 

the tissues also limits the signal-to-noise ratio and hampers detection of the fluorescence imaging 

agents. These intrinsic limitations have stimulated the development of fluorescence probes with 

absorption and emission maxima in the   650 – 1450 nm range, where tissues have minimal 

absorption and fluorescence[19].  
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The benefits of using UCL for biological applications are their sharp emission lines, long lifetime, 

and photo stability. The advantage for using UCL in microscopy is that they reduce photo-

bleaching and high scattering problem in tissue without requiring highly complicated and high 

cost-second laser and photo-multiplier tubes [44].  Since rare earth UC nanoparticles are able to 

produce narrow bands emissions with higher energy after the excitation by continuous-wave near 

infrared lasers, they are endowed with large anti-stokes shifts and less possibility for spectral 

overlapping [57]. The unique physiochemical properties of rare earth doped α-Fe2O3 allow them 

the potential roles in biological applications. The special properties that can play a role in 

biological application are the particle size, size distribution, shape, and surface area, with the 

particle size being the most important characteristic. The particle not only affects the physical 

properties but also affect biological outcome after nanoparticles (NPs) were injected into the 

human body. For NPs to be rapidly cleared due to ex-osmosis, the particle size should be less than 

10 nm. For particles more than 200 nm, the NPs are not easily mechanically filtered by the spleen 

in the reticuloendothelial system, leading to decrease in blood circulation time. Ideal particle size 

for the biological application is in the particle range of 10 – 100 nm, where they have the longest 

blood circulation time. The particles volume is small enough to escape the phagocytosis of the 

reticuloendothelial system and penetrate into capillary vessels in body tissues, which ensure an 

effective distribution in specific tissues [58].  
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Figure 1. 17 Up-conversion nanoparticles that can convert near infrared light into red light can be used to extend photodynamic 

therapy for some cancer found in deep tissues [59]. 

Fig 1.18 shows the combined new type of nanoparticles with a food and drug administration (FDA) 

approved photodynamic therapy to effectively kill deep-set cancer cells in vivo with minimal 

damage to surrounding tissues and fewer side effects than chemotherapy. In this therapy, the 

patient is given a non-toxic light sensitive, in our case it would be rare earth doped α-Fe2O3 

nanoparticles, which is absorbed by all body cells, including cancerous ones. Red laser light 

specifically tuned to the drug molecules are sensitively turned on to tumor area. When the light 

interact with the photosensitive drug, it produces a highly reactive form of oxygen that kills the 

malignant cancer cells while leaving most neighboring cells unharmed [59].   

The aim of this work is to develop a novel, non-invasive, low-cost infrared imaging technique that 

would improve upon current methods, because this technique may function as a diagnostic tool 

due to the specific bio-conjugation of these nanoparticles to human outer surface makers. This 

require a comprehensive investigation to archive the new nanomaterial with imaging ability. This 

work focuses on the doping (Ho and Tm) and co-doping (Ho:Yb and Tm:Yb) of α-Fe2O3 . The 

chosen rare earth has been widely investigated due to their ability to convert low energy photons 

to high-energy photons via the up-conversion process.  
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The objectives of the current work are: 

 To synthesize and characterize Fe2O3 nanoparticles using sol-gel and microwave 

methods  

 Dope Fe2O3 with rare earth ions and characterize the doped nanoparticles 

  To investigate the optical and magnetic properties of both un-doped and doped 

Fe2O3  

 Investigate the energy transfer between the host and the dopant  

 

 

Figure 1. 18 In vivo imaging of pancreatic tumor-bearing mouse injected with multiple system antrophy (MSA)-functionalized 

NIR Quantum dots (QDs) [60]. 
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Chapter 2: Synthesis and characterization 

techniques 
 

2.1. Introduction  

Oxides can be synthesized by all known wet chemical methods but to tailor the particle size in 

nano range and morphology towards a particular application still remains a challenge [1]. The 

synthesis of magnetic nanoparticles in the past decade has been intensively developed not only for 

its fundamental scientific interest but also for many technological applications: among others, 

medical application such as targeted drug delivery, contrast agent in magnetic resonance imaging, 

and magnetic ink for jet printers. To control the monodisperse size is very important because the 

properties of the nanocrystals strongly depend upon the dimension of the nanoparticle [2]. There 

is a large number of methods described for the synthesis of magnetic iron oxide [3]. The methods 

includes: (1) co-precipitation; is simple methods of synthesizing magnetite and other ferrite 

nanoparticles from ferric and ferrous salts such as nitrates, chlorides, sulfates, perchlorates, etc. 

With the appropriate ratios of the precursor salts, it is possible to obtain narrow size distribution 

of spherical nanoparticle. (2) Micro emulsion; in the micro emulsion method, co-precipitation 

occurs in the aqueous phase of water-in-oil emulsions controlling the particle size and size 

distribution in the desired proportions. Particles of a great variety of ferrites including magnetite 

and bismuth ferrite have been successfully prepared by this method. (3) Ball milling; by ball 

milling, the mechanosynthesis of nanostructures is promoted by the mechanical activation of the 

chemical reactions involved in the formation of the oxides. Wustite nanoparticles from metallic 

iron and hematite have been prepared by this method. (4) Sol gel process; the sol-gel process uses 

metallic alkoxides as precursors; it allows the preparation of ceramic nanoparticles of a great 

variety of compounds, including ellipsoidal single-crystalline nanoparticles of hematite and 

polycrystalline spherical nanoparticles of hematite. With a proper reduction-reoxidation process, 

magnetite and maghemite nanoparticles that retain their shape can be obtained [4]. (5) Microwave 

method; microwaves couple directly with the molecules of the entire reaction mixture, leading to 

a rapid rise in temperature. Since the process is not limited by the thermal conductivity of the 

vessel, the result is an instantaneous localized superheating of any substance that will respond to 
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either dipole rotation or ionic conduction of the two fundamental mechanisms for transferring 

energy from microwaves to the substance(s) being heated [5].  

 In this work, we have chosen to use sol-gel method as well as microwave method and the methods 

are discussed in detail in the next sections. The common methods of crystal growth are grouped 

into two, the vapor deposition and liquid to crystal growth. The earlier, Vapor Phased deposition 

includes; Evaporation Molecular Beam Epitaxy (MBE), Sputtering, Chemical Vapor Deposition 

(CVD) and Atomic Layer Deposition (ALD). The latter, Liquid Based Growth includes; Chemical 

Solution Deposition, Electrochemical Deposition, Chemical Bath Deposition (CBD), Successive 

Ionic Layer Adsorption and Reaction (SILAR), Langmuir- Blodgett films and Self Assembled 

Monolayers (SAM) and Sol gel method [6].  Even though there are several means to grow crystals, 

as mentioned above, however our interest is on Sol-gel method and microwave synthesis. Both 

methods allows us to control the size of the material. Sol-gel takes longer to prepare and 

microwave only takes few minutes. The nanomaterials were then characterized to obtain the 

structural, optical and luminescent information. Several techniques were used to achieve this goal, 

such as X-ray diffraction, scanning electron microscopy, photoluminescence spectroscopy, 

thermoluminescence spectroscopy, ultraviolet-visible absorption spectroscopy, X-Ray 

photoelectron spectroscopy, vibrational electron microscopy. Better understanding of each of the 

techniques are outlines in this chapter.   

 

Synthesis methods:  

2.2. Advantages of sol-gel 

Sol-gel method is based on a well-established colloidal chemistry technology, which offers a 

possibility to produce various materials with novel, predefined properties in a simple process and 

at relatively low process cost. The sol is a name of a colloidal solution made of solid particles few 

hundred nm in diameter, suspended in a liquid phase and the gel can be considered as a solid 

macromolecule immersed in a solvent [7].  

For the production of new porous nanomaterials, with well-defined structures and complex shapes, 

sol-gel method has been widely used by researchers. The method is known for being relatively 
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simple and it allows the control of the distribution of the components in molecules, through pre-

orientation applications of the networks. Thus, potential applications of the materials synthesized 

by this method can be competitive [8]. The French chemist, J. J. Ebelmen in 1842, synthesized 

uranium oxide by heating the corresponding hydroxide [9]. In 1950, Ro and co-workers made the 

sol gel silica powders popular in the market by changing the traditional sol-gel process into the 

synthesis of new ceramic oxide. Thereafter, in 1971, the production process of low-bulk density 

silica (TEOS) in the presence of cationic surfactants was patented [8].   

The processing steps involved in making sol-gel derived α-Fe2O3 are as follows: step 1 is a mixing 

step of a suspension of a sol, which is formed by mixing of colloidal particles in water at a pH that 

prevent precipitation.  

Fe(NO3)3.9H2O + 6 H2O → Fe(H2O)6
3+ + 3 NO3

 

Step 2, the liquid alkoxide precursor is hydrolyzed by mixing with water  

Fe(H2O)6
3+ → FeOOH + H+ 4 H2O 

Step 3 a condensation takes place to form α-Fe2O3 

2 FeOOH → α-Fe2O3 + 2 H2O 

The physical characteristics of the gel network depends upon the size of particles and extent of 

cross-linking prior to gelation. The viscosity increases sharply at gelation, and a solid object results 

in the shape of the mold. The aging of the gel involves maintaining the cast object for a period, 

hours to days, completely immersed in liquid. Polycondensation continues along with localized 

solution during aging and reprecipitation of the gel network, which increases the thickness of 

interparticle necks and decrease porosity. The strength of the gel thereby increases with aging. An 

aged gel must develop sufficient strength to resist cracking during drying. During drying the liquid 

is then removed from the interconnected pore networks [10]. The sol-gel method can results in 

different structures of the nanomaterials powders [11], thin film [12]and fibers [13].  
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Figure 2. 1 Schematic representation of sol-gel processes. 

 

Sol-gel have the following advantages: 

 Provides excellent adhesion between the metallic substrate and the top coat by producing 

thin bond coating.  

 Produce thick coating to provide corrosion protection.  

  Easily shape materials into complex geometries in a gel state.  

  Also produce highly pure products because of the organo-metallic precursor of the desired 

ceramic oxides that can be mixed, dissolved in a specified solvent and hydrolyzed into a 

sol, and subsequently a gel. The resulting composition can be highly controlled.  

 And it is cost effective [14]. 
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2.3 Advantages of microwave Synthesis  

 
Figure 2. 2 Microwave heating mechanism [18]. 

A microwave is a form of electromagnetic energy, which is defined in a measurements of 

frequency as 300 to 300000 Megahertz which falls at the lower end of the electromagnetic 

spectrum, corresponding to wavelength of 1 cm to 1 m.  The microwave region of the 

electromagnetic spectrum lies between infrared and radio frequencies. The RADAR transmissions 

uses the wavelength between 1 cm and 25 cm, and the rest is used for telecommunications. Most 

commercial and domestic microwaves ovens operates at 2450 MHz (12.25 cm) to avoid 

interference with the RADAR and telecommunications activities [15]. Microwave heating has 

become widely used as a rapid heating method for the synthesis of magnetic iron oxide 

nanoparticles. As compared to conventional heating methods, microwave heating reduces the 

reaction time and increases product yield [16]. Microwave radiation heats materials through much 

more efficient dielectric heating, and this occurs as molecular dipoles attempt to align with the 

alternating electric field. Hence, the heating phenomenon depends on a substance’s ability to 

absorb microwaves and convert the energy to heat; generally, more polar solvents, reagents, and 

catalysts are more efficiently heated. Microwave preparations in the case of nanoparticles synthesis 

has yield greater control of size and disparity as well as enhanced crystallinity [17].  
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In microwave synthesis, the microwave couples directly with the molecules of the entire reaction, 

leading to rapid rise in temperature, as shown in Fig 2.2. Since the thermal conductivity of the 

vessel is not limited, the results are instantaneous localized superheating of any substance that will 

respond to either dipole rotation or ionic conductivity- which are the two fundamental mechanism 

for transferring energy from microwaves to the substance being heated. The Arrhenius equation (k 

= Ae-Ea/RT) determines the rate of reaction, where T is the absolute temperature that controls the 

kinetics of the reaction. The microwave radiation directly activate most molecules that possess a 

dipole or are ionic. Since energy transfer occurs in less than a nanosecond (10-9 s), the molecules 

are unable to completely relax or reach equilibrium. This then creates a state of non-equilibrium 

that results in a high instantaneous temperature (Ti) of molecules and is a function of microwave 

power input. Thus, the greater the intensity of microwave power being administered to a chemical 

reaction, the higher and more consistent Ti will be [5]. Microwave also have the following 

advantages: Exhibit order of magnitude enhancement in reaction rate as compared to conventional 

system. Microwave reactor can be operated in various ways, such as by varying the rate at which 

the temperature is increased, microwave power, stirring of the reaction system. Use of microwave 

saves energy because of fast kinetics, rapid heating, and short reaction time [19] 

Characterization techniques: 

 

2.4. X-Ray Diffraction  

X-ray diffraction (XRD) is an efficient analytical technique used to determine crystal phases, and 

it can also be used to determine the grain size, lattice constants, strain analysis and degree of 

crystallinity in a mixture of amorphous and crystalline substance [20]. In XRD, the electrons 

around the atom will start to oscillate with the same frequency as the incoming beam when the x-

ray beam hits an atom. A destructive interference will occur in almost all the directions, that is, the 

combining waves are out of phase and there is no resultant energy leaving the solid sample. 

However, the atoms in a crystal are arranged in a regular pattern, and in a very few directions we 

will have constructive interference. The waves will be in phase and there will be well-defined x-

ray beam leaving the sample at various directions. Hence, a diffracted beam may be described as 

a beam composed of a large number of scattered rays mutually reinforcing one another [21]. 
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Figure 2. 3 Scatter and diffraction from an ordered arrangement of atoms [22]. 

 

 Fig 2.3 shows the construction needed to derive Bragg’s law. This is a central law to the analysis 

of diffraction data. It relates the angle θ (at which there is a maximum in diffracted intensity) to 

the wavelength λ of x-rays and the inter-layer distance d between the planes of atom/ ions/ 

molecules in the lattice. The interplanar spacing, d, sets the difference in path length for the ray 

scattered from the top plane and the ray scattered from the bottom plane. From Fig 2.3, the path 

length is 2d sinθ. Constructive wave interference occurs when the difference in path length for 

the top and the bottom rays is equal to one wavelength, λ: 

2d sinθ = λ.      2.1 

The right side of Eq. 1 sometimes is multiplied by an integer, n, since this condition also provides 

constructive interference. In our conversion, we set n = 1. When the path length difference of nλ 

between adjacent planes, d, is changed, a diffraction pattern from a material typically contains 

many distinct peaks, each corresponding to a different interplanar spacing, d. For a cubic crystal 

with lattice parameter a0, the interplanar spacing, dhkl, of planes labelled by miller indices (hkl) are 

[22]: 
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     dhkl = 
𝑎0

√ℎ2+𝑘2+𝑙2
.     2.2 

Diffraction experiments are generally made at a fixed wavelength; thus a measure of the diffraction 

angle will allow the associated d- spacing to be calculated. When a crystal with a fixed 2d spacing 

receives an incident beam, according to Bragg’s law, each unique wavelength will be diffracted at 

a unique diffraction angle. Thus, when the diffraction angle 2θ is known,  then wavelength of the 

incident beam can be determined, if the d-spacing of the crystal is known [23].  

2.5. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) (Fig 2.4) is a technique used to analyze the morphology, 

defects, crystallographic structure, particle size and the elemental composition of the specimen. In 

this technique, the beam of electrons transmits through an extremely thin specimen, and then 

interacts with the specimen when passing through it. From the interaction of the electrons that are 

eventually transmitted through the specimen, an image is formed, which is magnified and focused 

onto an imaging device, such as CCD camera. TEM uses the electrons as a light source, which 

their much lower wavelength are making it possible to get a resolution that is a thousand times 

better than that of a light microscope [20].  

The TEM possibility of high magnification has made it a valuable tool in medical, biological and 

material sciences research. The specimen must be thin in this case and able to withstand the high 

vacuum present inside the instrument’s sample chamber [24]. If the specimen is thicker, fewer 

electrons are forward scattered and more are backscattered. The backscattered electrons are the 

only remnants of the incident beam for bulk, non-transparent specimen. [25].     

The system can also be used for the determination of the electron diffraction patterns of the 

crystalline structures. A crystalline material interacts with the electron beam mostly by diffraction 

rather than absorption. The intensity of the transmitted beam is affected by the volume and density 

of the material through, which it passes. The intensity of the diffraction depends on the orientation 

of the planes of atoms in a crystal relative to the electron beam. At certain angles the electron beam 

is diffracted strongly from the axis of the incoming beam, while at other angles the beam is largely 

transmitted [24]. 
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Figure 2. 4 Schematic representative  of transmission electron microscopy [26]. 

 

2.6. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is an instrument for observing and analysing the surface 

microstructure of a bulk sample using a finely focused beam of energetic electrons.  An electron-

optical system is used to form the electron probe which may be scanned across the surface of the 

sample in a raster pattern. Various signals are generated through the interaction of the beam with 

the sample. These signals may be collected or organized with the application of appropriate 

detectors. For imaging, the signal amplitude obtained at each position in the raster pattern may be 

assembled to form an image [27].The microscope commonly uses a lanthanum hexaboride 

filament as the source of electrons, and its vacuum is often achieved by pumping the system with 

a turbo molecular and an ion pumps. The technique can provide information about the material, 

topology and morphology. If the system is equipped with an energy dispersive x-ray spectrometer 

(EDS), it can also provide information about chemical composition of the material [28]. The SEM 

electron column consist of an electron gun, two or more electromagnetic lenses operating in 

vacuum. The electron gun generate free electrons and accelerate these electrons to energies in the 

range 1 – 40 KeV in the SEM. The focused electron probe on the specimen which is small is 
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created by the electron lenses. For an image to be produced the electron beam is focused into a 

fine probe and scanned across the surface of the specimen with the help of scanning coil. The 

signal in the form of electromagnetic radiation is emitted when the accelerated electrons struck 

each point of the specimen [29].  

 

 

Figure 2. 5 The reduced form of the scanning electron microscopy. Many variants are possible on this basic theme such as 

different lenses, guns, deflecting field, detectors, amplifiers and display schemes, but all of these items must be present in one 

form or another [31]. 

 

The basic principle of the SEM is that, when the beam of electrons interacts with the specimen, 

the electrons are scattered within the specimen and gradually lose their energy, then they are 

absorbed in the specimen. Depending on the electron energy, the atomic number of the elements 

making up the specimen and the density of the constituent atoms: the scattering range of the 

electrons inside the specimen is different. When the incident beam enters the specimen, it produces 

secondary electrons from the emission of the valence electrons of the constituent atoms in the 

specimen. Since the energy of the secondary electrons is very small, the specimen quickly absorbs 

those generated at a deep region. Only those generated at the top of the specimen are emitted 
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outside of the specimen. Thus, the secondary electrons are used to observe the topography of the 

specimen surface [30]. The advantages of the scanning electron microscope evolve from the fact 

that the surface of a solid specimen is available for experimentation, including simple observation, 

at a resolution much better than that of the optical microscope and with a depth of field that is 

orders of magnitude greater [31].  

2.7. X-Ray Photoelectron Spectroscopy  

For compositional and chemical state analysis, x-ray photoelectron spectroscopy (XPS) has been 

widely used because it is a versatile surface and analytical technique. The XPS technique causes 

very little charging in samples, since the x-rays are used for the incident beam and thus it is useful 

for both electrically conductive and non-conductive materials. For the electron energies that are 

normally used in XPS, the attenuation lengths are about 1 – 10 monolayers for the emission angles 

normal to the surface [32]. When an experiment is carried out in an XPS, the sample is exposed to 

the flux of nearly monoenergetic radiation with mean energy hv, and then observing the resultant 

emission of photoelectrons, whose kinetic energies will be described most simply by the 

photoelectric equation, these phenomena are shown in Fig 2.6: 

   hv = Eb 
V

(K) + Ekin       2.3 

Where, Eb
V(K) is the binding energy and Ekin is the photoelectron kinetic energy. Both Auger lines 

and secondary electrons, in general will also be emitted from the sample, however, it is possible 

to distinguish these electrons from true photoelectrons. The kinetic energy, directions of emission 

with respect to the sample and the exciting radiation are the three fundamental properties 

characterizing each emitted photoelectron [33].  

XPS spectrum is presented as the photoelectron counts as a function of binding energy, which is 

achieved by just measuring the kinetic energy of the photo electrons accelerated up the column of 

hemispherical analyser. All elements can be detected except for H and He. The binding energies 

of the photoelectrons depend on the chemical environment of the atoms. The information about 

chemical state of the elements are given by the accurate measurements of the exact peak position 

[34].   
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Figure 2. 6 (a) X-ray photoelectron spectroscopy image and (b) the XPS process [33]. 

 

2.8. UV-Vis Spectroscopy 

A number of processes can occur when radiation interacts with matter, these include, reflection, 

scattering, absorption, fluorescence/phosphorescence and photochemical reactions (as shown in 

Fig 2.7). The UV-Visible spectroscopy is designed to detect the transmitted and reflected radiation 

by a sample in order to provide an indication of the amount of the absorbed radiation. The total 

potential energy of a molecule generally is represented as the sum of its electronic, vibrational and 

rotational energies: 

Etotal = Eelctronic + Evibrational + Erotational      2.4 

The amount of energy a molecule possesses in each form is not a continuous but a series of discrete 

levels or states. The difference in energy among the different states is in the following order [35]:  

Eelectronic > Evibrational > Erotational      2.5 

 



44 | P a g e  
 

 

Figure 2. 7 UV-Vis phenomena when the incident light beam interact with matter [36]. 

 

When the light passes through a sample, the amount of light absorbed is the difference between 

the incident radiation (I0) and transmitted radiation (I). The amount of light absorbed is expressed 

as either transmittance or absorbance. Transmittance usually is given in terms of a fraction of 1 or 

as a percentage and is defined as follows [37]: 

T = 
𝐼

𝐼0
 or %T = (

𝐼

𝐼0
 ) * 100       2.6 

Absorbance is defined as follows: 

A = -logT         2.7 

The spectrophotometer consists of a light source, a filter, a monochromator, beam splitter, a 

cuvette for sample solution, a photoelectric detector and a digital display (as shown in Fig 2.8). It 

also consists of two devices, a spectrometer and a photometer. A spectrometer, produces a desired 

range of wavelength of light. A beam of light is transmitted from a collimator that passes through 

a monochromator to split it into several components of wavelength. The only desired wavelength 
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is then transmitted by a wavelength selector. A photometer, then detect the amount of photons that 

is absorbed and then sends a signal to a digital display [38].   

    

Figure 2. 8 Basic schematic representation of spectrophotometer [39].  

 

2.9. Photoluminescence Spectroscopy (Fluorolog3)  

Photoluminescence is defined as the spontaneous emission of light from a material under optical 

excitation. It can therefore be used to provide detailed information on discrete electronic states 

involving both intrinsic and extrinsic defects. This is achieved by applying an external light with 

energy hv ≈ EG, where EG denotes the energy band gap, and detecting the re-emitted photons [40]. 

During this process a light is irradiated onto a sample, where it is absorbed and imparts excess 

energy into the material in a process called photo-excitation. The emission of light or luminescence 

is one of many ways in which the excess energy can be dissipated by the excited electrons, when 

they de-excite to their ground state. The luminescence derived from exciting a sample with photons 

is called photoluminescence. The energy of the emitted light relates to the difference in energy 

levels between the two electrons states involved in the transition between the excited state and 

equilibrium state [41] as shown in Fig 2.9 (a). 

The Fluorolog 3 spectrofluorometer instrument was used to characterize Fe2O3, and it is capable 

of acquiring both phosphorescence and fluorescence spectral data. The excitation source is 
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equipped with a 450 W continuous xenon lamp as an excitation source for steady state 

measurements, and a flashing Xenon Lamp for decay curve measurements. The monochromator, 

sample compartment, detector and accessories are the four basic components of Fluorolog 3, as 

shown in Fig 2.9 (b). The double grating monochromator in the excitation and emission path are 

responsible for the system’s considerable increase in sensitivity, resolution, and stray-light 

rejection.  The sample compartment is a T-box with two options of emission signal collecting, 

namely, the front-face emission collection for solids samples and the right-angle emission for 

solution samples [42].  

 

Figure 2. 9 (a) Principle of photoluminescence spectroscopy (PL), (b) Essential of a luminescence experiment. The sample is 

irradiated at one wavelength and emission is observed over a range of wavelengths. The excitation monochromator selects the 

excitation wavelength and the emission monochromator selects the one wavelength at a time to observe [43].  

 

Fluorolg 3 is not limited to only steady state measurements, it also measures lifetime, both short 

time and long lifetime measurements. Time-correlated single-photon counting (TCSPC), is used 

for time-domain lifetime measurements. In TCSPC, the excitation light is pulsed, ideally with a 

pulse-width shorter than the luminescent lifetime. The emission from the sample is collected from 

a series of repeated pulses, with the time of arrival of these photons binned into channels. The 

fluorescence from the series of excitation pulses builds up a decay curve, from which the lifetimes 

of all sample components are calculated [44]. 
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2.10. 980 Laser diode system  

High-Power 980-nm lasers are the key components in erbium– doped amplifiers, which are critical 

to high –capacity communication system. The main forces driving towards high power pump laser 

are the increase number of channels, higher grain for loner reach, and small form factors for the 

amplifiers. There has been much effort toward improving chip and module power in recent years. 

The challenge would be to push the laser diode to even high power while also maintaining the 

lasing with single-mode operation since operation approaches the physical limits. The reliability, 

in addition to performance has always been a critical requirement for high-power 980-nm pumps 

since the laser facet is very susceptible to failure caused by higher power satisfying the Telcordia 

qualification standards [45]. In this work, the FLS980 spectrometer was used to investigate 

luminescence properties. The FLS980 is a computer controlled modular spectrofluorimeter for 

measuring steady state luminescence spectra in the ultraviolet to near infrared range with single 

photon counting sensitivity. It combines ultimate sensitivity with high spectral resolution and 

excellent stray rejection. The performance of the FLS980 makes it ideally suited for demanding 

applications in the broad areas of photophysics, photochemistry, biophysics and materials research 

[46]. 

In fluorescence measurements, the sample (liquid or solid) is excited with a light of one wavelength 

and then measuring difference light (luminescence) which is emitted. The equipment consist of a 

xenon lamp with double monochromator to provide continuous excitation and laser with optical 

parametric oscillator (OPO) to provide pulsed excitation, both of which can be tuned to different 

wavelength starting at about 200 nm in the far violet region. The system also has a powerful fixed 

wavelength infrared laser for up-conversion studies and several very fast pulsed fixed wavelength 

erasable programmable logic device (EPLD) light sources in the UV for lifetime measurements.  

Luminescence is detected using two possible PMTs (photomultiplier tubes), one sensitive in the 

visible part of the spectrum and another in the infrared region, or with a CCD (charge coupled 

device) camera which is less sensitive but faster. Both excitation and emission spectra will be 

corrected for the spectral response of the system e.g. the efficiency of light sources, mirrors, 

diffraction gratings, optical filters and detectors. An integrating sphere is provided to capture light 

emitted from the samples in different directions for quantum yield measurements and a cryostat is 

provided so that samples can be cooled from room temperature to about 10 K on the absolute 
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temperature scale. By monitoring the emission of samples after pulsed excitation using the PMTs 

and fast photon-counting electronics, the system can be used to measure the lifetime of 

phosphorescent materials. The system includes variable slits and filters and is controlled through 

a single software package, while an advanced software package for the analysis of time-resolved 

data is also included. The schematic diagram of the system is shown in Fig 2.10 [47].  

 

Figure 2. 10 Schematic diagram of FLS980 spectrophotometer [47]. 

 

2.11. Vibrational sample magnetometer  

The Vibrational sample magnetometry (VSM) is a measurement technique which allows to 

determine the magnetic moment of a sample with very high precision. The VSM is based on 

Faraday’s law, which states that an electromagnetic force is generated in a coil when there is a 

change in flux through the coil. In the measurements setup, a magnetic sample is moving in the 

proximity of two pickup coils as shown in Fig 2.11.  
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Figure 2. 11 Schematic representation of a VSM [49]. 

  

The VSM systems are used to measure the magnetic properties of materials as a function of 

magnetic field, temperature and time. They are ideally suited for research, production testing, 

quality and process control. Powders, liquids, solids, single crystals and thin films are all readily 

accommodated in a VSM [48]. A sinusoidal signal is provided by the oscillator and translated by 

the transducer assembly into a vertical vibration. The sample is fixed to the sample rod and vibrates 

with a given frequency and amplitude. It is centered between the two pole pieces of an 

electromagnet that generated a magnetic field 𝐻̅0 of high homogeneity. Stationary pickup coils are 

mounted on the poles of the electromagnet. Their symmetry center coincides with the magnetic 

center of the static sample. Hence, the change in magnetic flux originating from the vertical 

movement of the magnetized sample induces a voltage 𝑈𝑖𝑛𝑑 in the coils. When homogeneous field 

𝐻̅0along the x axis is brought to the sample, it will be magnetized along the direction of the field, 

resulting in a magnetic moment 𝑚̅ of the sample. Then, the sample will be moved periodically 
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relative to the pickup coils. The measurement setup is sensitive even to very low magnetic 

moments. Today's vibrating sample magnetometers are able to detect magnetic moments of down 

to the μemu range, which corresponds to approx. 10-9 g of iron [49].  
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Chapter3: Structural and Optical properties of sol-

gel derived α-Fe2O3 Nanoparticles 
 

3.1. Introduction  

Recent developments in the field of nanomaterials is a good platform to tune their properties. This 

enables the properties to be reversible in a controlled manner [1]. Iron oxide has attracted a lot of 

attention in the field of nanotechnology due to its optical, electrical, magnetic, catalytic and 

chemical properties. It has potential applications in gas sensors, magnetic resonance imaging, 

photo-electrochemical cells, contrast agents and drug delivery. Since α-Fe2O3 is applied in various 

fields, its optical properties have been well studied, with the red emission being of greater interest 

[2]. Optical absorption of α-Fe2O3 is strong over the entire visible optical range and very weak in 

the infrared optical range. The color of α-Fe2O3 results from different types of intra electron 

transitions [3, 4]. Mahadeo Mahadik et al [5] synthesized α-Fe2O3 by varying the substrate 

temperature and the absorption band edge was up to 600 nm. The absorption transitions were 

assigned to (i) ligand to metal charge-transfer transition, (ii) Fe3+ ligand field transition and (iii) 

pair excitations resulting from the simultaneous excitations of two neighboring Fe3+ cations that 

are magnetically coupled. α-Fe2O3 and γ-Fe2O3 polymorphs are commonly utilized among various 

iron oxide nanoparticles, due to their unique size, architecture, chemical, electrical, magnetic, 

anticorrosive and optical properties. However, α-Fe2O3 is the most attractive and has received a 

lot of attention due to its high chemical stability under ambient conditions, low cost and non-

toxicity [6-8].  

α-Fe2O3 displays n-type semiconducting properties with a band gap that is approximately 2.2 eV, 

and this makes it to absorb and emit in the visible region of the electromagnetic spectrum. Shinder 

et.al [9] synthesized Al doped α-Fe2O3 by spray pyrolysis. The α-Fe2O3 showed a single hematite 

phase with a crystalline size 20-40 nm. The band gap increased from 2.2 to 2.25 with doping 

concentration which attributed to blue shift. Its conduction band (CB) is composed of empty d-

orbitals of Fe3+ and the valence band (VB) consists of occupied 3d orbitals of Fe3+ with some 

admixture from the O 2p non-bonding orbitals. The compound exhibits rhombohedral centered 

hexagonal structure of the corundum type, with a closely packed oxygen lattice in which two-

thirds of the octahedral sites are occupied by Fe3+ ions. It exhibits weak-ferromagnetic property at 
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room temperature, antiferromagnetic below the Morin transition temperature of 250 K and 

paramagnetic above the Nèel temperature of 948 K [10-12].  

It is well-known that the magnetization of ferromagnetic materials has a great influence on the 

morphology and structure of nanoparticles [7, 13]. The ferromagnetic α-Fe2O3 is a good candidate 

for biomedical applications. Various synthesis methods enable tunable particle sizes, such that the 

particles can be scaled down to dimensions that are smaller than or comparable to those of the 

genes (2 – 10 nm), proteins (5 – 50 nm), cells (10- 100 nm) and viruses (20 – 450 nm). This 

demonstrates that they can target a biological entry of interest [14].  

On account of the attractive scientific and industrial application of α-Fe2O3 nanoparticles, novel 

methods for their synthesis and new approaches in their characterization have been reported in 

recent years. It has been reported that various preparation techniques could lead to different phases 

or mixture of phases and different degrees of size control [15]. To exploit the interesting and useful 

properties of nanostructures and to apply them in technology, their controlled and well dispersed 

particles during synthesis is quite essential. The synthesis of α-Fe2O3 nanoparticles with various 

structural morphology have attracted much interest due to their importance to have a thorough 

understanding of fundamental phenomena such as light scattering, particle interaction and 

electrophoresis. Up to now several synthesis methods have been developed for the preparation of 

α-Fe2O3 nanoparticles which include sol-gel, hydrolysis of iron salt, hydrothermal synthesis, 

microwave synthesis, chemical bath deposition, combustion and chemical spray pyrolysis 

technique [16-18]. It has been reported that nanometer-sized particles can be grown into zero, one, 

two and three dimension through these synthesis methods. By far a large variety of α-Fe2O3 

nanostructures have been synthesized, including the most common 0D spherical nanoparticles 

[16], 1D nanocrystals such as rod [19] wire [20] and tube [21], 2D layered structured such as nano 

flakes [22], and complex 3D architectures such as dendrites and snowflakes [23], as well as hollow 

micro-spheres [24]. 
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3.2. Materials and methods 

Several synthetic routes have been developed to acquire nanomaterials with controllable size, 

morphology, crystallinity and so forth.  In the past decade, synthesis of iron oxide in the nano 

range has been the main challenge. These synthesis processes include careful control of pH, 

concentration of the reactants, temperature, method of mixing, and rate of oxidation. Processes 

such as nucleation, growth, aggregation and adsorption of impurities influence the morphology of 

the iron oxide particles. However, it is not possible to precipitate specific iron oxide particles in 

many cases directly in the desired size and shape [25].   

FeN3O9·9H2O, polyvinyl alcohol (PVA) and absolute ethanol were used as precusors grade and 

were used as received without further purification. In this chapter, sol-gel method was used to 

synthesize the α-Fe2O3. FeN3O9·9H2O was used as the solid starting material and was dissolved in 

absolute ethanol. The solution was stirred for 1 hour at room temperature. A solution of polyvinyl 

acetate (PVA) was prepared by dissolving in absolute ethanol at 60 °C and transferred to the 

solution with continuous stirring for 1 hour. The solution was then dried at 100 °C for 1 hours. The 

obtained powder was ground into fine powder, divided into various portions and annealed at 

different temperatures (300 °C and 600 °C) to obtain the crystalline phase.  

The obtained powders were characterized with an X-Ray diffractometer (Rigaku Smartlab) to 

confirm the phase formation and the crystallinity of the samples. Diffuse reflectance measurements 

were carried out to extract the absorption characteristics using the Lambda 1050 UV/Vis/NIR 

spectrophotometer. The X-ray photoelectron spectroscopy (XPS) was used to investigate the 

chemical state of the materials, and the transmission electron microscopy (TEM) was used to study 

the surface morphology and particle size. The Fourier transmission infrared spectroscopy (FTIR) 

was used to investigate chemical bonding of the materials. The thermoluminescence measurements 

were carried out using the Riso TL/OSL reader (model TL/OSL-DA-20) equipped with a 90Sr beta 

radiation source with a dose rate of 0.1028 Gy/s and a photomultiplier tube. A combination of BG 

3 + BG 39 Schott filters were used in the system, with transmission range of 320 nm – 450 nm. 
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3.3. Results and discussions  

3.3.1. X-Ray diffraction 

The structure and phase purity of the samples were confirmed by performing powder X-ray 

diffraction with Cu Kα radiation of λ = 1.5405 Å at room temperature from 20 - 70°. The Rigaku 

SmartLab diffractometer was operated at 40 kV and 200 mA. Fig 3.1 shows the XRD pattern of 

α-Fe2O3 nanoparticles (a) as prepared, (b) annealed at 300°C and (c) annealed at 600 °C. The  

patterns of the as prepared sample indicate that the structure is amorphous.  

  

Figure 3. 1 XRD pattern of α-Fe2O3 nanoparticles (a) as-prepared and annealed at different temperatures (b) 300°C and (c) 

600°C. 

Annealing of the samples introduces peaks, and it is observed that an increase in annealing 

temperature significantly intensifies the peaks. This clearly indicates that the samples become 

crystalline when they are annealed. The patterns of the 300 oC annealed α-Fe2O3 sample indicates 

that the structure has initiated crystallinity, and resembles α-Fe2O3 polymorph. The more 

crystalline is observed on a sample that was annealed at 600 oC. According to the standard pattern 

of iron oxide, the sample annealed at 300 oC does seem to have fully crystallized into the desired 

polymorph (α-Fe2O3), as observed from the peak ratio of peak 2 [104] with respect to other peaks. 

This indicates that annealing above 300 oC to obtain a single phase α-Fe2O3 nanoparticles is 
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adequate. The XRD pattern of the samples match those of the hexagonal structure (space group: 

R3c) of α-Fe2O3 with an ICSD card number of 081248 [1, 7, 13].  

The broadness of diffraction peaks is influenced by the crystallite size and the internal strain. The 

Scherer’s equation was used to estimate the crystallite size by averaging the sizes of peak [012], 

[104], [110] and [113]. The peak [104] was used to calculate the crystallite size. 

   Dhkl = 
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
        3.1 

where Dhkl is the crystallite size, k is the Scherer coefficient (0.89), λ is the wavelength of the X-

rays, and β is the full width at half maximum (FWHM) and θ is the diffraction angle. The crystallite 

sizes were 3.9 nm and 9.5 nm for the samples annealed at 300°C and 600°C respectively. Other 

researchers have, also reported the increase in crystallite size with increase in annealing 

temperature as observed in his work. Similarly, an increment of crystallite size for α-Fe2O3 

nanoparticles from 18 to 54 nm was reported when annealing temperature increased from 300 °C  

and also providesto 500 °C [26]. An increment of the crystallite size for α-Fe2O3 from 34 to 44 nm 

was also reported when annealing temperature was increased from 500 °C to 700 °C [10]. When 

the particles are forming, they either collide or coalesce with one another to form a large particle 

observed from the enhanced diffraction peak. The process that occur depends upon the temperature 

and available energy; hence, the particle size increases with increasing temperature [27].  

3.3.2. Transmission Electron Microscopy  

The particle size and morphology were analyzed using TEM. Fig 3.2 shows the TEM images of 

α-Fe2O3 nanoparticles. Sample (a) shows amorphous structure as confirmed by XRD, sample (b) 

and (c) confirms the nanoscale dimension of the particles and shows the average diameter of 3 nm 

and 20 nm respectively. The images reveal that the particles have spherical morphologies. The 

particles size increases due to the increasing annealing temperature.  The disparity between TEM 

and XRD is that XRD provides reliable statistical information and provides estimation of the 

particle size from the broadening of the RXD reflection by means of the Scherer formula. The 

TEM on the other hand, size distribution curve is limited to several hundreds of particles. The 

particle boundaries cannot always be seen precisely, due to lack of overlap of the particles [28].  
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Figure 3. 2 TEM image of α-Fe2O3 nanoparticles (a) as-prepared and annealed at different temperatures (b) 300°C and (c) 

600°C. 

3.3.4. X-ray photoelectron spectroscopy (XPS) 

In XPS, standard α-Fe2O3 has two Fe 2p peaks (2p1/2 and 2p3/2), Fe 2P3/2 peak is narrower, stronger 

and has more area than Fe 2p1/2 because Fe 2p3/2 has a degeneracy of four states while Fe2p1/2 has 

only two in spin-orbit (j-j) coupling [29]. Since the Fe 2P peaks have asymmetric shape for metals, 

multiple spitting was observed which are due to atoms containing unpaired electrons. In this 

instance there can be coupling between the unpaired electron in the core with unpaired outer shell 

electron when a core electron vacancy is formed. This phenomenon can create a number of final 

states, which will manifest in the photo electron spectrum [30].   

Fig 3.3 and 3.4 show fitted XPS data of Fe 2p and O 1s orbitals. The Fe 2p3/2 and Fe 2p1/2 are fitted 

with two multiple peaks. The Fe 2p spectrum shows the presence of a satellite peak that confirms 

the presence of α-Fe2O3 [31]. The obtained binding energies of Fe 2P3/2 and Fe 2p1/2 for sample (a) 

are 724.2 eV and 711.1 eV respectively. The clearly distinguishable satellite peak is obtained at 

718.9 eV (~ 8eV) and does not overlap with the Fe 2p3/2 or Fe 2p1/2. The high binding energy 

surface peak indicate that the relative intensity of the surface structure was large.  The rest of the 

binding energies are listed in table 3.1. Similar binding energies have been reported in the literature 

[32, 33]. To determine the presence of oxide/hydroxyl species in the samples, an O 1s spectrum 

was measured. Due to primity of the binding energies (BE) of many surface and bulk species that 

have different chemical state, in the O 1s region, the BE peak at 530.1 eV can be assigned to 

oxygen atom in the iron oxide lattice, O1s (Fe-O), associated with a high electron density on ferric 

cation. The as grown samples are a hydroxide Fe-OH and is reduced to Fe-O by reduction in 

coordination of the molecules located at the surface after annealing at high temperatures. The rest 
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of the assigned peaks are shown in table 3.1. The XPS peak fit was used to fit the spectrum. We 

could not put the accuracy of the fit because of the satellite peaks, which came into play. The 

outline of the fitting procedure is as follows: (1) select the binding energy for background 

subtraction, (2) Select linear method for background subtraction, (3) Select Gaussian-Lorentzia 

ratio to determine peak shape, (4) Select asymmetry factory (FWHM) for the specific peaks and 

(5) Select best fitted curve for experimentally obtained Fe 2p and O ls. 

Table 3.1 Peak position values of Fe 2p peaks and O 1s. 

                                                    Peak positions (eV) 

                            Fe 2p1/2                          Fe 2p3/2 

   724.2     711.1 

   724.2     710.8 

   723.8     710.7 

                                                   O1s peak positions (eV) 

530.1 Fe - O  

531.1 Fe - OH lattice 

532.0 Fe - OH adsorbed 

528.8 C – O 

529.2 O - H  
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Figure 3. 3 XPS spectra of the Fe 2p of the powders (a) as prepared (b) annealed at 300° C and (c) annealed at 600°C. 

 

Figure 3. 4 XPS spectra of the O 1s of the powders (a) as prepared, (b) annealed at 300° C and (c) annealed at 600°C. 

 

The formation of α-Fe2O3 nanoparticles was further confirmed by FTIR spectroscopy. Fig 3.5 

shows FT-IR spectra of α-Fe2O3 samples annealed at different temperatures in the range of 350 – 

4000 cm-1, which identifies the chemical bonds as well as functional groups. It can be seen that, 

there was a significant broad band centered at 3394 cm-1 which was assigned to the O-H stretching 

inside hematite network structure. A hematite has ideally no bulk O-H group, these vibrations arise 

from non-stoichiometric hydroxyls and water entrapped in the hematite bulk during synthesis. The 

bands centered at 1531cm-1 and 1302 cm-1 may possibly be assigned to O-H bending modes. The 

band centered at 400 cm-1 is assigned to the A2u mode, bands at 679 cm-1 and 486 cm-1 are both 

assigned to the Fe-OH mode [34, 35]. All the bonding peaks became sharper and stronger from as 

prepared to the powder annealed at 600 °C, which shows better crystallinity of the nanostructures 
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at high temperature. This phenomena of crystallinity is well confirmed in XRD spectra.   

 

Figure 3. 5 FTIR spectrum of α-Fe2O3 samples at different temperatures (a) as prepared, (b) 300°C and (c) 600°C.  

 

3.3.5. Diffuse reflectance   

Fe oxides exhibit variety of colors, which result from different types of electronic transitions. As 

a rule, there is a strong absorption in the ultraviolet (UV) by colored Fe oxides and blue spectral 

region except in the red and infrared (IR) region, they strongly reflect. When the surface of the 

powdered materials is bombarded with a beam of light, only a small fraction is specularly reflected, 

the remainder penetrate into the mass and undergoes scattering. Some parts of the radiation 

ultimately leave the mass in all directions and constitute diffused reflectance. The diffuse 

reflectance has been proven to be useful to identify and characterize different Fe oxides [36]. 

The diffuse reflectance spectra of the three samples are shown in Fig 3.6, below. The reflectance 

was measured using the 1050 LAMBDA UV/Vis/NIR spectrophotometer equipped with 

integrating sphere, measuring from 200 nm to 800 nm. It is observed that from 300 nm to 510 nm 

the nanomaterials show a very low reflectance, which corresponds to high absorption. There is a 

rapid increase of reflectance at about 510 nm. In the UV region, two weak bands are observed at 

240 nm and 286 nm which are attributed to ligand-to-metal charge transfer between the O 2p 
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orbital to the F3+ 2t2g and 3eg orbitals [37]. In the visible region between 400 nm and 700 nm, there 

exist three poorly defined bands at 420 nm, 530 nm and 620 nm. According to literature [38-40], 

the 620 nm band arises from the ligand field transition, 530 nm from electric pair transition and 

the 420 nm was assigned to the 6A → 4E transition. The region between 700 and 800 nm, with low 

absorption, shows very high reflectance. These bands shift to longer wavelength (red shift) as the 

temperature increases with increasing particle size. As the temperature increases from 300 °C to 

600 °C the spectrum shows two band edges, this is due to the Laporte-forbidden transition and also 

the increases in the size of the particles.   

 

 

Figure 3. 6 Diffused reflectance spectra of α-Fe2O3 nanoparticles for (a) as prepared, (b) annealed at 300°C and (c) annealed 

at 600°C. 

 

To estimate the band gap of the nanomaterials, the Kubelka-munk relation was used  

      𝐹(𝑅) =
(1−𝑅)2

2𝑅
=  

𝐾

𝑆
       3.2 

where R is the absolute reflectance of the sample, K is the molar absorption coefficient and S is 

the scattering coefficient. From the relation we can generate a plot of (F(R) hv)2 vs hv which is 

shown in Fig 3.7 for the 3 samples. From the plot the band gap is estimated from the linear part of 

the plot. The observed band gap for (a), (b) and (c) are 2.06 eV, 1.69 eV and 1.98 eV respectively. 

The fluctuation of the band gap can be attributed to the innumerable surface states present in the 

system. The different possibilities for the fluctuation are defect states, cation/anion vacancies, and 

interstitials with energy located within the band gap. Also, it could be due to the surface related to 
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the adsorbed species where energy levels are within the band gap, which could be labile with size 

factor conditions [41]. 

 

 

Figure 3. 7 Energy band gap extrapolation from the kubelka-Munk relation for (a) as prep (b) annealed at 300°C and (c) 

annealed at 600°C. 

 

3.3.6. Photoluminescence properties  

Due to the local forbidden d-d transition, resonant energy transfer between cations and efficient 

lattice and magnetic relaxation, bulk α-Fe2O3 does not show photoluminescence. However, due to 

quantum effect, α-Fe2O3 nanostructures exhibit photoluminescence resulting in delocalization and 

quantization of electronic state [7]. The photoluminescence property of α-Fe2O3 was measured 

after exciting the samples with different wavelengths using the xenon lamp. The excitation 

wavelength was from 200 nm to 360 nm in steps of 2 nm. The 3D acquisition (excitation vs 

Emission vs Intensity) was acquired. It is observed that the emission intensity increases with 

increasing excitation wavelength and then decreases after a certain wavelength.  

Fig 3.8 (a -c) shows the 3D spectra and contour maps for the α-Fe2O3 samples prepared at different 

temperatures. The contour map of the 3D acquisition spectra is shown as well. Along with the 

contour maps are the scale bars, which indicate the luminescence intensity. According to the 

contour map, the maximum emission peak is observed at 388 nm for sample a, the maximum 

emission for sample b is centered about 425 nm. Fig 3.8c shows spectra with two emission peaks 

at 388 nm and 427 nm, with 427 nm peak being the most intense peak of the two. This is evident 

on the contour map.          
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Figure 3. 8 Photoluminescence spectra showing the 3D and Contour images of (a) as prepared, (b) annealed at 300°C and (c) 

annealed at 600°C. 
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 From the 3D spectra (Fig 3.8) an excitation wavelength of 336 nm was chosen for a line plot 

because that is where the nanoparticles show strong photoluminescence, as shown in Fig 3.9. At 

an excitation wavelength of 336 nm, the α-Fe2O3 nanoparticles show an intense emission band 

around 422 nm. Cherepy et al [42] observed an emission band at ~400 nm (excited at 300 nm) 

from a spindle shaped hematite nanostructures. Such emission above the band gap was intriguing 

because it was rarely detected. Because there was no measurable emission induced by the Fe3+ 

ligand field and exciton pair transition in the visible region, they attributed the band at ~400 nm to 

ligand-to-metal charge-transfer transition. 

The decrease in particle size can be attributed to the origin of the luminescence of α-Fe2O3, which 

leads to the reduction in interaction.  The emission intensity of the sample annealed at 300oC (b) 

increases compared to the as prepared sample (a) and a decrease in intensity was measured as the 

annealing temperature was further increased to 600oC (c). The enhancement of the intensity can 

be related to the size of the nanoparticles, as the size increase the photoluminescence increases. 

The broad emission peak was de-convoluted using a Gaussian fitting to understand their peak 

position and nature, shown in Fig 3.10. The emission peak at 350 nm is assigned to localized states 

in the band gap. The intense peaks at 404 nm and 435 nm are related to shallow defects emissions 

and mainly result from defects such as interstitials and oxygen vacancies. The broad peak at 475 

nm is attributed to the recombination of electron-hole pair from the free or shallowly trapped 

exciton [43]. The broader peak at 576 nm is attributed to the radiative recombination of electron 

trapped at oxygen vacancy-related state near the conduction band edge with holes in deep Fe-

related surface state [44].       
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Figure 3. 9 Photoluminescence spectra of α-Fe2O3 nanoparticles of (a) as prepared, (b) annealed at 300°C and (c) annealed 

at 600°C excited at λ = 336 nm. 

 

   

Figure 3. 10 Deconvolution photoluminescence emission spectra of α-Fe2O3 (a) as prepared, (b) annealed at 300°C and (c) 

annealed at 600°C, excited at 336 nm. 
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3.3.7. Thermoluminescence  

Thermoluminescence (TL) was measured to approximate the activation energy necessary to detrap 

the electrons from the electron trapping centers of α-Fe2O3, and to evaluate the kinetics involved. 

The TL glow curves of α-Fe2O3 shown in Fig 3.11 were obtained by irradiating the sample with 

beta particles. To improve the glow curve signal, the sample was dosed up to 1315 Gy. With an 

increment of dose, a peak positioned at 69 °C prevailed, and second peak at 163°C appeared. The 

second peak may indicate that we have 2 prominent electron traps in our system. We observe a 

glow shift to higher temperatures, which indicates that the kinetics followed by the traps are neither 

of first nor second order. It has been reported that the system follows first order kinetics when 

there is no shift in temperature position upon exposure. For second order kinetics the shift is 

towards the lower temperature [45]. Three methods were used to approximate the activation 

energy.   
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Figure 3. 11 Different glow curves acquired by exposing α-Fe2O3 to different doses of Beta particles. 

 

 

The geometrical shape of a TL glow peak plays an important role in calculating trapping 

parameters. The first method used to approximate the activation energy of the first trapping centre 
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was initial rise (IR) method [46]. In IR method, the initial portion of the peak is taken under 

consideration as shown in Fig12 (a). In this method, the dependence of temperature is being 

neglected because of the amount of trapped electrons in the low initial tail of peak can be assumed 

to be constant. We obtained the activation energy E by plotting Ln(I) vs 1/kT (Fig 3.12(b)) for the 

initial part of the data. The energy was estimated to be 0.85 eV from the glow curve obtained by 

exposing the sample to 1315 Gy.  

 

Figure 3. 12 (a) Glow curve showing cut off temperature region of the glow curve acquired from 164 Gy exposure, (b) the linear 

fit on the curve of Ln(I) vs 1/KT. 

 

Chen’s method was also used to estimate the activation energy. From the glow curve (Fig 3.13) 

three temperatures required for Chen’s peak shape equation were estimated to: 

T1 = 49.7°C = 322 K, T2 = 104.7°C = 377.7 K and TM = 69.9°C = 342.9 K 

The τ, δ, and ω ratios were estimated to 20.2, 34.8 and 55 respectively. The value of the geometric 

factor μ =  
𝛿

𝜔
  was approximated to 0.63. The geometric factors full width at half maximum 

(FWHM) (ω), low temperature parameter (τ) or the upper temperature parameter (δ) are used to 

approximate the activation energy using Eq. 3.3. Aα and bα are constants where α can either be ω, 

τ or δ. The activation energy was estimated to be 0.82 eV. 

Eα = Aα (
𝒌𝑻𝒎

𝟐

𝜶
) – 2 bα kTm                                                                            3.3 
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Figure 3. 13 Chen’s peak shape ratios in the glow curve obtained with 1315 Gy exposure. 

 

The variable heating rate method used also to estimate the activation energy. In this method the 

glow curves were measured by varying the heating rate from 0.5, 1, 2, 3, 4, 5 °C.s-1 for the α-Fe2O3 

sample exposed to 1315 Gy. In Fig 3.14a, as the heating rate increases, the glow peaks shift to 

higher temperatures and the height of the TL peak changes. The activation energy (E) was 

extrapolated from the linear fit of ln (TM
2/β) vs 1/kTM graph, as shown in figure14b, and found to 

be 0.74 eV. The averaged activation energy from the three methods is estimated to be 0.80 eV.  
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Figure 3. 14 (a) Glow curve for variable heating rates, (b) the slope for activation energy approximation. 

 

3.4. Conclusion 

α-Fe2O3 nanocrystals were successfully prepared by a simple sol-gel method. XRD confirmed no 

other phases other than α-Fe2O3. The crystallinity increased with increasing annealing temperature. 

The crystallite sizes were found to be smaller than those reported in literature. The FTIR confirmed 

the purity of α-Fe2O3 as no peaks belonging to other compounds were present. The band gap was 

found to be around 2eV with no particular trend from sample (a) to (c).  The XPS shows that the 

samples are hydroxide Fe-OH which is then reduced to Fe-O when annealed. A 3D 

photoluminescence spectrum was acquired to obtain the maximum emission of the samples. The 

emission spectrum was then de-convoluted to understand their positions centered at 350 nm, 404 

nm,435 nm, 475 nm and 576 nm. The 404 nm and 435 nm are found to be related to the shallow 

defect emission, 350 nm arises from the localized states in the band gap, the 475 nm arise from the 

recombination of electron-hole pair from free or shallowly trapped exciton and the 576 nm is 

attributed to radiative recombination of electron trapped at oxygen vacancy-related state near the 

conduction band edge with holes in deep Fe-related surface state. The averaged activation energy 

was approximated to be 0.8 eV.  
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Chapter4: Effect of Ho3+ doping on Structural and 

optical properties of α-Fe2O3 nanoparticles 

   

4.1. Introduction 

Intense scientific research for many years has been performed on iron oxide nanoparticles. Eight 

iron oxides are known and among them hematite (α-Fe2O3), magnetite (Fe3O4) and maghemite (γ-

Fe2O3) are very promising and popular candidates due to their polymorphism involving 

temperature-induced phase transition [1]. α-Fe2O3 is the most stable iron oxide and n type 

semiconductor in ambient conditions [2]. α-Fe2O3 is an n-type semiconductor with a band gap of 

2.3 eV, where the conduction band is composed of empty d- orbitals of Fe3+ and the valence band 

consist of occupied 3d crystal field orbitals of Fe3+ with some admixture from the O 2p non-

bonding orbitals [3]. 

 α-Fe2O3 particles are non-toxic, cost effective and are therefore used in many applications, such 

as drug delivery, bio-sensing, magnetic separation, magnetic resonance imaging and as contrast 

reagent. The iron oxide nanoparticles are usually doped with rare earth (RE) ions to enhance their 

properties for these applications. Rare-earth (Ln3+) ions are known to have exceptionally large 

magnetic moment as well as luminescence properties [4]. Ln3+ is endowed with unique optical 

properties, which are attributed to abundant energy levels of 4f configuration.  It can give out 

desired emissions through various energy transfer pathways because it possesses intermediate 

energy levels [5].  

The structural incorporation of foreign cations, particularly facile for trivalent cations having 

similar ionic radius is another way of modifying substantially hematite properties. Particle shape 

may be altered by guest cations, as occurs with Al cations that cause a peanut-like shape, or induce 

change in optical properties, as observed for La-substituted micro-hematite [6]. Bhuiyan et.al have 

managed to incorporate lanthanum into hematite nanoparticles. The incorporation was evident by 

studying XRD, which showed the existence of Fe2-xLaxO3 by a shift in diffraction peak to lower 

angle [7].  

http://events.saip.org.za/abstractDisplay.py?abstractId=62&confId=88
http://events.saip.org.za/abstractDisplay.py?abstractId=62&confId=88
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 Among trivalent RE ions, Ho3+ has been chosen as optically active center because it exhibits 

fluorescence in the visible and near infrared region [8]. Doping of hematite with rare-earth 

elements is however challenging, due to the different size of Fe3+ and rare-earth trivalent ions [6]. 

In this chapter, we investigate the alteration of both the structure and optical properties through 

doping of α-Fe2O3 with a range of holmium ion concentration by a simple sol-gel method. 

 

4.2. Experimental  

Un-doped and Ho3+ doped nanoparticles of α-Fe2O3 were prepared and different concentrations of 

Ho3+ were incorporated. Sol-gel method reported elsewhere [9] was used to prepare the material 

with some modifications. All the reagents were of analytical grade, and were used as received 

without further purification. Fe (NO3)3·9H2O was used as the starting material. Different 

concentrations of Ho3+ 0 mol%, 0.1 mol%, 0.3 mol%, 0.6 mol% and 0.9 mol% were added in 

different beakers, and the mixtures were separately dissolved in absolute ethanol. The resulting 

liquid solution was continuously stirred at room temperature for 1 hour. The polyvinyl alcohol 

solution, 0.5 M was added into the stirred solution drop wise. The solution was then dried in an 

oven at absolute ethanol boiling point of 100°C for 1 hour. The obtained amorphous powder was 

then annealed in a furnace at 600°C to obtain α-Fe2O3:xHo3+ phosphor where x corresponds to 0 

mol%, 0.1 mol%, 0.3 mol%, 0.6 mol% and 0.9 mol%. The powders were characterized by X-ray 

Diffraction (XRD), Transmission Electron Microscopy (TEM), Ultraviolet-visible Spectroscopy 

(UV-Vis, Photoluminescence Spectroscopy (PL) and Energy Dispersion Spectroscopy (EDS). 

 

4.3. Characterization 

4.3.1. XRD 

The phase formation of un-doped and Ho3+ doped α-Fe2O3 nanoparticles at different concentration 

is shown in Fig. 4.1.  The formation was confirmed using a Powder X-ray diffraction from Rigaku 

SmartLab, equipped with Cu Kα radiation of λ = 1.5405 Å. The XRD was operated at 40 kV and 

200 mA. The observed diffraction patterns from both un-doped and doped α-Fe2O3:Ho3+ show 

only diffraction peaks corresponding to hexagonal structure of α-Fe2O3 (JCPDS card # 86-0550). 
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No diffraction peaks related to Ho2O3 were observed, indicating that Ho3+ ions have been 

incorporated into the Fe2O3 crystal lattice. The peak (116) at 54.10° was used to calculate the 

crystallite size using Scherer formula. The crystallite sizes were found to be 0.97, 0.73, 0.65, 0.44 

and 0.42 nm for (a), (b), (c), (d) and (e) respectively. The size was observed to be decreasing with 

increasing Ho3+ concentration, due to an increase in the amount of grain boundaries.      

As the Ho3+ ions were introduced into α-Fe2O3, the (116) peak was found to be shifted to lower 2θ 

angle and broadens due to large ionic radius of Ho3+ (1.76Å) than that of Fe3+ (0.69 Å). The shift 

of the peak is shown as the insert in Fig4.1. The lattice mismatch, distortion and crystallite strain 

has been reported to be the cause of the peak shifts and broadening [10]. The FWHM was found 

to be increasing with increasing concentration as the size of the crystal decreases. This observation 

also indicates that the nanoparticles lose crystallinity as the concentration of the dopant increases.                     

   

 

Figure 4. 1 XRD pattern of α-Fe2O3 and α-Fe2O3:Ho3+ nanoparticles at different doping concentration (a) 0 mol%, (b) 0.1 

mol%, (c) 0.3 mol%, (d) 0.6 mol% and (e) 0.9 mol% annealed at 600°C. The insert is the magnified region of (116) peak.                
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4.3.2. TEM and Energy dispersive spectroscopy   

The TEM image (Fig 4.2(a)) shows that the particles are spherical in shape and the size was 

approximated to 20 nm. There was no difference in terms of the morphology of all the samples, 

hence only the as prepared sample TEM image was shown. The EDS patterns are shown in Fig 4.2 

(b-f). The EDS is a technique that is important in identifying the elemental signature of materials 

[11]. Fig 2 (b), (c), and (d) show the existence of Fe and O only, whereas, Fig 4.2 (e) and (f) shows 

the existence of Fe, O and Ho. The EDS suggest that the holmium content increases with an 

increase in the dopant concentration. The accompanying elemental quantification reveals that the 

intensity of Ho3+ peak increases from 1.4 to 2.7 wt % for the samples in figure 4.2 (e) and (f), 

respectively.  This phenomenon has been observed when ZnO was doped with Ho3+ [12].              

     

Figure 4. 2 TEM image (a) for 0 mol% and the survey scan for elemental analysis EDS for (b) 0 mol%, (c) 0.1 mol%, (d) 0.3 

mol%, (e) 0.6 mol% and (f) 0.9 mol%. 

 

4.3.3. UV-Vis  

Fe oxides exhibit a variety of colors, which results from different types of electronic transitions. 

Colored Fe oxides are mostly reported to strongly absorb in the ultraviolet (UV) region and in the 

blue spectral region, and strongly reflecting in the red and infrared (IR) regions [13]. The 

reflectance spectra of α-Fe2O3:Ho3+ was measured at room temperature by a 1050 UV/Vs/NIR 

spectrophotometer, as shown in Fig 4.3.The spectrum is characterized by a nearly constant 
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reflectivity from 350 nm to 550 nm, a shoulder near 620 nm and a reflectivity maximum near 750 

nm. The nanoparticles show a very low reflectance from 350 nm to 550nm. A rapid increase of 

reflectance occurs at about 560 nm. The slope of the curve depends on the particle size and shape 

involved and it shift to a lower wavelengths indicating a possible increase in the band gap. A wide 

absorption band around 660 nm in the red range is believed to arise from spin-forbidden ligand 

field transition, most likely 6A1 → 4T2 [14].  

 

Figure 4. 3 Diffused reflectance spectrum of α-Fe2O3 and α-Fe2O3:Ho3+ nanoparticles at different Ho3+ doping concentration 

(a) 0 mol%, (b) 0.1 mol%, (c) 0.3 mol%, (d) 0.6 mol% and (e) 0.9 mol% annealed at 600°C. 

  

For the band gap estimation a plot of hv v/s [F(R∞) hv ] is plotted from eq.3.2. The straight-line 

portion of the curve, when extrapolated to zero, gives the optical band gap Eg, as shown in Fig 4.4 

a –e.  The results show band gap decreases from 2.04 eV, 1.98 eV and 1.94 eV with an increase in 

Ho content from (a) to (c), and then increases to 1.97 eV and 2.0 eV as the Ho content increases 

further to (d) and (e), respectively. Since every particle is made up of only a very small number of 

atoms, the number of overlapping of orbitals or energy level decreases and the width of the band 

get narrower, thereby increasing the band gap.  The reported band gap of α-Fe2O3 is about 2.2 eV 

[15]. The change in band gap with respect to size of the particle could be due to bulk defect, which 
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induces delocalization of molecular orbitals in the conduction band edge. It then creates shallow 

deep traps in electronic energy, in turn causing the red shift of the reflectance spectra. The traps 

shift to the higher energy when the crystallite size decreases below its size at the band gap 

minimum, which then results in blue shifting of the spectrum thereby increasing the band gap [16].   

The band tailing becomes broader due to the slight doping and finally reaches and merges with the 

bottom of the conduction band causing sudden decreases of the optical band gap [17].    

 

Figure 4. 4 KM band gap determination of α-Fe2O3 and α-Fe2O3:Ho3+ nanoparticles at different doping concentration (a) 0 

mol%, (b) 0.1 mol%, (c) 0.3 mol%, (d) 0.6 mol% and (e) 0.9 mol% annealed at 600°C. 

 

4.3.4. Photoluminescence 

The room temperature down-conversion PL emission and excitation spectra of un-doped and 

doped α-Fe2O3 nanophosphors with different Ho3+ concentrations are shown in Fig 4.5. The spectra 

were measured with excitation radiation from a xenon lamp at the wavelength of 350 nm at room 

temperature, which corresponds to the best excitation wavelength. A blue emission in the visible 

region was observed for α-Fe2O3:Ho3+, which is centered at 410 nm and 430 nm. It has been 

reported that the visible luminescence, related to deep level emissions, mainly results from the α-

Fe2O3 defects such as interstitials and oxygen vacancies [18]. The emission intensity increases 

with an increase in Ho3+ doping concentration from (a) to (b); thereafter from (c) to (e) it shows 

quenching phenomena in PL intensity in no particular order. From the PLE spectrum, a strong 
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absorption was observed in the range 200 nm – 250 nm with (e) being the one with strongest 

absorption caused by electronic transition in the host matrix. The spectra are characterized by one 

sharp and one broad absorption band presented from UV to the visible spectrum region (200 nm – 

450 nm). The band at 229 is attributed to the host-lattice absorption and the broad band at 377 nm 

correspond to 4f – 5d absorption oh Ho3+ ions [19].      

 

Figure 4. 5 Room temperature PL excitation and emission spectra of α-Fe2O3:Ho3+ at concentration (a) 0 mol%, (b) 0.1 mol%, 

(c) 0.3 mol%, (d) 0.6 mol% and (e) 0.9 mol%. 

 

4.4. Conclusion 

Ho3+ ions were successfully incorporated into the α-Fe2O3 host material by a sol-gel method and 

accompanying effects were investigated.  The XRD spectra show a decrease in average crystallite 

size from 0.97 nm  to 0.42 nm with an increase in Ho3+ doping, due to increased grain boundaries. 

The amount of Ho3+ was quantified using EDS, which shows an increase in holmium quantity as 

the Ho3+ concentration increases. The diffuse reflectance spectra displayed a peak around 750 nm, 

which decreased from (a) to (d) and rapidly increase at (e). Due to the nature and strength of the 

crystalline potential by addition of the Ho3+ ions, the band gap decreased from 2.04 eV, 1.98 eV, 

and 1.94 eV for (a), (b) to (c) and increased from 1.97 eV to 2.00 for (d) to (e), respectively. The 

results from Photoluminescence shows that there is an enhancement in luminescence properties 

from (a) to (b), and thereafter quenching from (c) to (e).   
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Chapter5: Structural and magnetic properties of 

Ho3+ and Yb3+ co-doped α-Fe2O3 

 

5.1. Introduction 

Due to strong influence on physical and chemical properties, magnetic nanomaterials have been 

in the trajectory for scientists [1]. Among these materials, rare-earth (RE) doped nanomaterials are 

widely investigated due to excellent luminescence characteristics arising from 4f – 4f transitions, 

giving rise to long luminescence lifetime and low absorption, which have clear advantages in 

applications of data storage devices, electrodes, magnetic fluids and bio-medicines [2]. RE ions 

have been extensively employed as activators for various phosphors. Phosphors are efficient 

luminescence material [3]. Fe2O3 is one of the simplest oxides on first impression, which usually 

exists in nature in two polymorphs: cubic γ-Fe2O3 and rhombohedral α-Fe2O3 (hematite) [4]. 

Hematite is the most stable iron oxide with a high resistance to corrosion, low cost, and it is also 

biocompatible, environmentally friendly and non-toxic. Hematite is an n-type semiconductor with 

a band gap of about 2.1 eV. It crystallize in the rhombohedral system space group R-3c [5]. Since 

hematite is stable at high temperature, it is a suitable host for the rare-earth ions [6].  

Hematite is paramagnetic above Curie temperature (TC) of 956 K. At room temperature is weakly 

ferromagnetic and undergoes a phase change at 260 K (Morin temperature, TM) to 

antiferromagnetic state. Hematite magnetic behavior depends of the crystallinity and particle size. 

The TM decreases as the particles size decreases and tend to vanish for particles smaller than 8-20 

nm [7]. Ferromagnetism in hematite arise when an atom has a net magnetic moment due to 

unpaired electrons. When placed in a magnetic field, the magnetic moments of the domain align 

along the direction of the applied magnetic field forming a large net magnetic moment [8]. As 

traditional pigment being used in many applications, the optical properties of hematite have been 

studied extensively. One of the striking optical properties of hematite is its color, which was known 

for years but not studied in detail until the work by Kerker et al [9]. There is still a continuous 

research interest in mixed lanthanide oxide nanoparticle due to the magnetic and fluorescence 

properties, which are useful for many applications [10].  
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5.2. Methods 

All the chemical reagents that we used were of analytical grade and were used as received without 

further purification. In this chapter sol-gel, method was followed to synthesize the Ho3+:Yb3+ co-

doped α-Fe2O3. FeN3O9·9H2O, Ho (NO3)3∙ 5H2O, and Yb (NO3)3∙5H2O were used as the solid 

starting materials and were dissolved in absolute ethanol. The solution was stirred for 1 hour at 

room temperature. The Ho (NO3)3∙ 5H2O, and Yb (NO3)3∙5H2O were added at different molar 

concentration, 0.1 mol% Ho with 0.75 mol% Yb, 0.9 mol% Yb and 1.05 mol% Yb. A solution of 

PVA was prepared and transferred to the solution with continuous stirring. The solution was then 

dried at 100°C. The obtained powder was ground into fine powders that were annealed at 600°C. 

The obtained powders were characterized with an X-Ray diffractometer (Rigaku SmartLab) to 

confirm the phase formation and the crystallinity of the samples. The diffused reflectance 

measurements were done to extract the absorption characteristics using the Lambda 1050 

UV/Vis/NIR spectrophotometer. The X-ray photoelectron spectroscopy (XPS) was used to 

investigate the chemical state of the materials, and the Vibrating sample magnetometer was used 

to evaluate the magnetic properties of the nanoparticles. 
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5.3. Results and Discussion 

5.3.1. XRD 

20 30 40 50 60 70
0

40000

80000

120000

160000

32.8 33.2 33.6
0

40000

80000

120000

160000

 

 

In
te

n
s

it
y

 (
c

p
s

)

2-theta (deg)

 

 
In

te
n

s
it

y
 (

c
p

s
)

2-theta (deg)

 (a)

 (b)

 (c)

(1
0

2
)

(1
0

4
)

(1
1

0
)

(1
1

3
) (0

2
4

)

(0
1

8
)

(2
1

4
)

(3
0

0
)

(1
1

6
)

 

Figure 5. 1 XRD pattern of Ho and Yb co-doped α-Fe2O3 (a) 0.1mol%Ho:0.75mol%Yb, (b) 0.1Mol%Ho:0.9mol%Yb and (c) 

0.1mol%Ho:1.05mol%Yb. 

 

The phase transformation and crystallinity of the α-Fe2O3:Ho3+: Yb3+ nanoparticles were identified 

using RIGAKU SmartLab diffractometer with Cu kα radiation of wavelength 1.5405 Å through 

the angular range 20° - 70°. Fig 5.1 shows the powder x-ray diffraction pattern of α-Fe2O3:Ho3+: 

Yb3+ nanoparticles recorded at room temperature. All the observed diffraction peaks are assigned 

to the α-Fe2O3 (JCPDS no:081248). No peaks belonging to Ho3+ and Yb3+ dopants are present in 

the diffraction pattern. This is an indication that our dopants have replaced the Fe3+ ion in the 

crystal structure.  

The (104)-plane intensity is stronger than that of the (110), indicating that the (104) plane is the 

preferred growth plane and was used to calculate the crystallite sizes. From (a) to (c), the peaks 

are observed to be shifting to the lower 2θ and broader, indicating the dopants are causing strain 

into the crystal lattice. The crystalline size was calculated using the Debye Scherer formula 

equation (eq) 3.1 
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The strain was calculated using the following formula: 

   ε = 
𝛽 𝐶𝑜𝑠 𝜃

4
        5.1 

Table 5.1 the calculated values of crystallite size and strain. 

Sample Crystalline size (nm) Strain 

(a) 6.3 0.058 

(b) 6.5 0.056 

(c) 6.8 0.053 

 

The crystallite size was increasing with increasing Yb3+ doping concentration. The strain was 

observed to be decreasing with increasing doping concentration. This is due to the increase in 

crystallite size of the dopants introduced into the structure, which causes more and more distortion 

in the crystal structure. This resulted in the change in the lattice parameters, which is due to the 

difference in ionic radii between the host and the Ho3+ and Yb3+ ions, as well as the change in 

doping concentrations.  See table 5.2.  

Table 5.2 Lattice parameters of sample (a), (b) and (c). 

Lattice parameters (a) (b) (c) 

a = b 5.0380 Å 5.0380 Å 5.0355 Å 

c 13.7720 Å 13.7720 Å 13.7474 Å 

 

5.3.2. XPS  

For additional characterization to prove ionization states of the rare earth ions, XPS analysis was 

performed. The XPS analysis shows the 2p Fe, 1s O, 4d Ho and Yb core levels spectra, which are 

fitted to account for the oxidation states. The Ho 4d spectra did not show any peaks, this may be 

due to the amount of Ho ions doped with which is 0.1mol %.  The 2p3/2 and 2p1/2 main peaks are 

accompanied by satellite structures on their higher binding energy side, at about 8eV. The typical 
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binding energy value for ferric oxides reported in literature is 711 eV for the 2p 3/2 main peak [11]. 

From Fig 5.2, the 2p3/2 peak appears to be narrower and stronger than that of the 2p1/2 and the area 

is larger due to the spin orbit (j-j) coupling, where Fe 2p1/2 has only two but 2p3/2 has four 

degeneracy sites [12].  

The Fe 2p doublet peaks were each deconvoluted on a Shirley-type background. The wide peak 

located at 709 eV (2p3/2) and 722 eV (2p1/2) are attributed to Fe-O bonds. The 711 eV (2p3/2) and 

724 eV (2p1/2) are attributed to Fe-O bonds for Fe3+ [13]. The Peak around low binding energy at 

707.6 eV is attributed to Fe 2p3/2 in pure Fe, which indicates that the particles sized of our 

nanoparticles are very small [14]. O 1s peak has been deconvoluted to four peaks located at 526.7 

eV, 527 eV, 528.7 eV and 529.9 eV. The 526.7 eV and 527 eV are very close to each other. The 

binding energy at 529.9 eV arises from the oxygen in long O-Fe bonds.  

Yb compound show many interesting physical phenomena, e.g. mixed valence and existence of 

heavy fermions. The environment of Yb changes depending on the host matrix and the lattice 

constant changes considerably. The valence of the ions is usually influence by the lattice constant 

with the tendency to induce a mixed valence [15]. The XPS spectra of Yb 4d core-level is shown 

in Fig 5.2. Three pronounce peaks are observed centered at 182.8 eV, a weak peak at 189 eV and 

an additional peak at 196 eV. The peak at 182.8 eV and 189 eV are assigned to the spin orbit split 

4d level, 4d5/3 and 4d3/2, respectively. To monitor the oxidation state and the valence state, the 

energy of 4d5/3 peak is used. The value of 182.8 eV coincide well with that of Yb2O3. The peak at 

196 eV is an indicative of the advance oxidation state of Yb, with dominants +3 valence state, 

which is a characteristic of Yb2O3. The peak is usually assigned to the 4f13 configuration of Yb ion 

[16].    
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Figure 5. 2 XPS spectra of Ho and Yb co-doped α-Fe2O3 (a) 0.1mol%Ho:0.75mol%Yb, (b) 0.1Mol%Ho:0.9mol%Yb and (c) 

0.1mol%Ho:1.05mol%Yb. 

 

5.3.3. Reflectance  

The reflectance spectra were measured by a Lambda 1050 spectrophotometer with an integrating 

sphere in the range of 300 nm to 2000 nm. The spectra exhibit that of the bulk hematite with some 

band arising from the dopants. The spectrum shown in Fig 5.3 is characterized by a very low to 

nearly constant reflectivity from 300 nm to 550 nm. An increase in reflectivity is observed from 

550 nm to 740 nm. From 740 nm – 900 nm there is a slight decrease in reflectivity. Thereafter 

from 900 nm – 1500 nm there is a rapid increase in reflectivity reaching nearly 100 %. From 1500 

nm to 2000 nm it shows a nearly constant reflectivity with some bands from the dopants, Ho ions.  

The spectra show prominent band centered at 870 nm, 675 nm and 550 nm which are from the α-

Fe2O3. The band centered at 870 nm, 675 nm and 550 nm are assigned to 6A1 → 4T1 (
4G) and 6A1 

→ 4T2 (
4G) ligand field transition of Fe3+, as well as the 6A1 + 6A1 → 4T1 (

4G) + 4T1 (
4G) ‘double 

exciton process’ of the simultaneous excitation of the two adjacent Fe3+ centers, respectively [17]. 

The band at ultraviolet region centered at 326 nm is attributed to the ligand-to-metal charge transfer 
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between the O2p orbital to the Fe3+ 2t2g and 3eg orbital [9], and also partly from the contributions 

of the Fe3+ ligand field transition at 6A1 → 4T2 (
4D) [18]. The two bands from 1200 nm → 2000 

nm centered at 1945 nm and 1390 nm are attributed to 5I8 → 5F7: Ho3+ transition and 2F5/2 → 2F7/2: 

Yb3+ transition, respectively. These bands show the presence of dopants in the prepared 

nanoparticles [19].   
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Figure 5. 3 Diffused Reflectance spectra of Ho and Yb co-doped α-Fe2O3 (a) 0.1mol%Ho:0.75mol%Yb, (b) 

0.1Mol%Ho:0.9mol%Yb and (c) 0.1mol%Ho:1.05mol%Yb. 

 

The energy band gap (Eg) is a characteristic feature of all materials which determine their 

application potential. It depends not only on the material but on its characteristics like crystallinity 

and stoichiometry. Diffused reflectance is a simple but powerful spectroscopic tool to estimate the 

band gap of powder samples unambiguously. The band gap has been estimated using a Kubelka-

Munk equation (eq) 3.2. 

A plot of (F(R)*hv)2 v/s hv is plotted and an extrapolation of a straight line at K= 0 is made to 

estimate the band gap as shown in Fig 5.4. The band gap was observed to be decreasing with an 

increase in the concentration of Yb [from (a) to (b)] and increasing with a further increase in the 

concentration of Yb [from (b) to (c)]. The main contribution to the shift of the band gap is the self-
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energies of the electrons and holes interacting with the phonons. Since the phonon number is 

fluctuating, the band energy is also fluctuating resulting in an exponential absorption tail below 

the average band-gap energy [20].  

 

Figure 5. 4 Band gap determination of Ho and Yb co-doped α-Fe2O3 (a) 0.1mol%Ho:0.75mol%Yb, (b) 

0.1Mol%Ho:0.9mol%Yb and (c) 0.1mol%Ho:1.05mol%Yb. 

5.3.4. VSM  

The magnetization measurements were preformed using a vibrating sample magnetometer at room 

temperature with the applied field varied from ±10000 Oe. The hysteresis loop was obtained by 

measuring the irreversible change in the magnetization of the samples when applying cycling 

positive and negative values of magnetic fields. Among the different parameters that can be 

extracted from the hysteresis loop, three can provide us with the basic information needed to 

describe the magnetic behavior of the material under study. The saturation magnetisation (MS) is 

essentially the limit value to which the curve tends within the high-field region, and is reached 

when all the magnetic moments in the material are aligned with the external field. Upon field 

decreasing, the sample does not recover its unmagnetised state, retaining a certain amount of 

magnetisation at zero field: the remanence or remanent magnetisation (Mr). The third parameter is 

also a consequence of the irreversible character of magnetic hysteresis; the coercivity or coercive 

field (Hc) represents the field we need to apply to completely demagnetise the sample [21].  

Fig 5.5 shows the variation of magnetization M as a function of magnetic field H. the curves shows 

a well-defined hysteresis loop with remnant magnetization of 0.09 emu/g, 0.14 emu/g, 0.16 emu/g 

and 0.13 emu/g for sample (a), (b), (c) and (d), respectively. This magnetization is due to the 

magnetic exchange interaction between neighboring atoms which are so powerful that they are 

able to align the ferromagnetic atomic moments despite the continual disturbance of thermal 
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agitation. The loop shows a ferromagnetic behavior. The coercivity was observed to be 92 Oe, 

2427 Oe, 2781 Oe and 2803 Oe for sample (a), (b), (c) and (d), respectively, the coercively 

increased with increasing Yb concentration. This is an Indication that the impurities play an 

important role in the magnetization. The magnetization saturation was not reached at the field of 

10000 Oe.    

The remanent was observed to be increasing with an increase in the concentration of Yb [from (a) 

to (c)] and decreases with a further increase in the concentration of Yb [from (c) to (d)]. Since the 

magnetization of ferromagnetic materials are very sensitive to the morphology and structure of the 

host, the higher coercivity may be attributed to the shape of the anisotropy of the dopants, which 

prevent them from magnetization in direction, except their easy magnetic axes, hence a large 

coercivity [22].  In Fig 5.6 we have employ low temperature measurements. The Mr and Hc were 

observed to be decreasing as the temperature decreases from room temperature to 5K, to observe 

the change in magnetism and its effects. As the magnetic behavior depends on the crystallinity, 

particle size and extent of cation substitution, crystallinity of our material tend to lower the Mr and 

Hc at all temperatures. The properties of the material then change to anti-ferromagnetic behavior 

upon further decrease of the temperature from 50 K to 5 K. This is due to the interaction between 

particles classified as the dipole-dipole interaction and exchange interaction. Both the interactions 

change the magnetic properties of magnetic materials [23].   
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Figure 5. 5 Hysteresis loop for un-doped (a) and Ho and Yb co-doped α-Fe2O3 (b) 0.1Ho:0.75Yb:αFe2O3, (c) 0.1Ho:0.9Yb:α-

Fe2O3 and (d) 0.1Ho:1.05Yb:α-Fe2O3. 

   

  

Figure 5. 6 Hysteresis loop for 0.1Ho:1.05Yb:α-Fe2O3 at temperature 200K, 50K and 2K.  
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5.4. Conclusion 

α-Fe2O3 was successfully co-doped with Ho3+ and Yb3+ ions using the sol-gel method. The 

crystallite size was observed to be increasing with increasing Yb concentration. This is due to the 

strain induced while co-doping. However, the band gap was observed to be increasing with 

increasing Yb dopant, this would indicate that our material emits more in higher concentration. 

The hysteresis loop was observed from the VSM where the nanomaterial shows the ferromagnetic 

properties. This property could assist the nanomaterial to be applied in Bio-imaging.  
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Chapter6: Luminescence and magnetic properties of 

Tm3+ doped α-Fe2O3 nanomaterials 
 

6.1. Introduction 

In the last few years many scientific groups have been devoted to developing and improving the 

properties of magnetic nanomaterials. Synthesis conditions must be well controlled to obtain fine 

powders with a narrow particle size distribution as well as desired crystallinity of the particles, in 

order to achieve applicable properties. There has been great interest in iron oxide nanoparticles 

which currently focuses on controlling their magnetic, electric, optical and catalytic properties [1]. 

Due to these properties, the iron oxide nanoparticles have emerged as a versatile material for 

different applications [2]. Many forms of existence of iron oxide is found in nature, magnetite 

(Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3) are the most common. Magnetite has been 

considered an ideal candidate for biological applications, both as tag for sensing and imaging, and 

as an activity agent for antitumor therapy. Both magnetite and maghemite have attracted attention 

in biomedical application because of their biocompatibility and low toxicity in human body. 

Hematite, on the other hand, has great scientific and technological importance since this material 

can be used in information storage, color imaging, magnetic refrigeration, gas sensing and so on 

[3].  

Due to its instinctive environmentally friendly, nontoxic, corrosion-resistance and thermal 

stability, α-Fe2O3 is well known magnetic semiconductor with a band gap of around 2.1 eV [4], 

where the conduction band is composed of empty d-orbitals of Fe3+ and the valence band consists 

of occupied 3d crystal field orbitals of the Fe3+ with some admixture from the O 2p non-bonding 

orbitals. The Fe3+ occupy two-thirds of the octahedral sites that are confined by the nearly ideal 

hexagonal closed-packed O lattice [5].  At low temperature, pure stoichiometric bulk α-Fe2O3 is a 

collinear antiferromagnetic (AF) material, with spin aligned along the magnetically easy c-axis of 

its rhombohedral crystal structure. As the temperature increases, a magnetic transition is observed 

at TM≈265 K. At this point the spin flop into the basal plane as a result of the antisymmetric 

Dzialoshinskii-Moriya exchange interaction, and take on a weakly ferromagnetic (WF) ordering 
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with spin canting of a fraction of a degree [6]. Many methods have been employed to synthesize 

the α-Fe2O3, Microwave [7], sol-gel [8], hydrothermal [9], combustion [10] etc.  

The nanocomposites containing luminescent and magnetic characteristics are trending in a wide 

range of applications, such as bio-imaging, diagnostic, and therapeutics. Magnetic iron oxide 

nanoparticles have in the meanwhile been proven to be promising, hence allowed in the wide range 

of biomedical applications[11]. Rare earth ions can be incorporated in the host lattice and thereby 

altering their properties. It takes an addition of very small amount of rare earth ions to ferrite 

samples to alter their electrical, magnetic and structural properties depending upon the type and 

amount of rare earth used. Rare earth can be divided into two categories, one with radius close to 

Fe ions and other with the radius greater than Fe ions [12]. In this work, we report on the doping 

of Tm ions into α-Fe2O3 nanoparticles to study the magnetic and luminescence properties for 

imaging application. 

 

6.2. Synthesis method  

Microwave synthesis was used to synthesize α-Fe2O3 and α-Fe2O3:Tm. Microwave irradiation has 

become widely used as a rapid heating method for the synthesis of iron oxide nanoparticles. It also 

reduces the reaction time and increases product yield when compared to conventional heating 

methods [13]. Ferric chloride, Urea as fuel, Polyethylenglycol and thulium nitrate were used as 

precursors. Thulium was added in the molar concentration of 0.2, 0.4 and 0.6 mol%. The mixture 

was dissolved in distilled water and irradiated in the microwave with power of 750 W for 15 

minutes. The final product was collected and centrifuged, washed with deionized water and air-

dried at 100℃ for 1 hour. The dried powder was then annealed in the microwave oven at 600 ℃ 

for 4 hours to obtain a crystalline powder. The powder was ground and characterized using XRD, 

SEM, PL and VSM. 

 



104 | P a g e  
 

6.3. Characterization Techniques  

6.3.1. Structural properties  

The room temperature X-ray diffraction (XRD) pattern of Tm doped α-Fe2O3 in Fig 6.1 shows a 

rhombohedral phase of α-Fe2O3, with space group R3̅C. The phase was confirmed by using a 

Rigaku SmartLab diffractometer, equipped with Cu Kα radiation of λ = 1.5405 Å. The XRD was 

operated at the voltage of 40 kV and current of 200 mA. All diffraction peaks were observed to be 

of pure α-Fe2O3 with no impurities peaks. The (104) plane was found to be the preferred orientation 

of the material. Fig 6.1(B), shows the zoomed spectra of the 104 plane. We observed a shift in 

peak position to lower angle (from sample (a) to (c)) with the shift difference of two theta 0.1° 

which is due to an increase in d-spacing, as the Tm doping concentration increases and a shift to 

the higher angle from (c) to (d). The shift in peak position strongly depends on the interplanar 

spacing (dhkl) and average crystallite size (d). Since the interplanar spacing is inversely 

proportional to the peak position, it is the one mostly responsible for the shifting of the peak. From 

(a) to (b) the interpanar spacing is increasing as the size decreases. The higher angle shift from (d) 

to (e) shows that the interplanar spacing becomes longer thereby creating stress on the host 

material. Similar finding have been reported on Tm3+ doped ZnO [14]. The intensity decreases 

almost half as the Tm doping increases. Therefore, the shift in diffraction peaks of the samples is 

due to the difference in ionic radii of Fe3+ (1.25Å) and Tm3+ (1.75 Å). However, the addition of 

Tm3+ into α-Fe2O3 led to the replacement of the Fe3+ by Tm3+ ions. This then causes the lattice 

strain in the materials. The lattice parameters decreased with increased Tm doping concentration. 

The crystal parameters are listed in table 6.1.  



105 | P a g e  
 

 

Figure 6. 1 (A) XRD pattern of Tm:α-Fe2O3 nanoparticles with different concentration of (a) 0.0mol %, (b) 0.2 mol %, (c) 0.4 

mol % and (d) 0.6 mo l%. Fig 6 (B), shows the preferred orientation of peak (104) showing the effect of Tm. 

 

Table 6. 1 Crystal size and lattice parameters. 

Tm3+ 

Concentration 

(Mol%) 

 

2- theta 

(deg.) 

 

d-spacing  

(Å) 

  Crystallite size      

 

          (nm) 

 

   Lattice constants (Å) 

 

                  

a 

              

b 

               

 c 

            0.0 33.16 2.6996 0.992 5.033 5.033 13.754 

            0.2 33.13 2.7015 0.989 5.040 5.040 13.759 

            0.4 3.3.12 2.7022 0.906 5.042 5.042 13.757 

            0.6 33.23 2.7029 0.796 5.046 5.046 13.758 

 

6.3.2. Luminescence  

It was repoted that the bulk α-Fe2O3 does not produce luminescence. However, the luminescence 

from the α-Fe2O3 nanomaterials is due to local forbiden d-d transition, resonant energy transfer 

between cations, and efficient lattice and magnetic relaxations. The self trap states have been 

observed in hematite nanostructures due to their size- associated optical properties, and quantum 

confinement effect [13]. The optical properties of the Tm doped α-Fe2O3 are determined by the 

chemical nature of their constituents (doping ion and matrix). Their luminescence is in most cases 

due to forbidden transitions among different f-electron configurations of the Tm3+ ions [15].   Fig 

6.2(A), shows the luminescence emission of Tm doped α-Fe2O3 excited by a 320 nm zenon lamp 

at room temperature. The luminescence shows an increase in emission intensity from sample (a) 
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to (b) and a decrease from (b) to (c). The decrease in intensity is referred to as luminescence 

quenching, which could be due to increase in Tm doping concentration. The emission peaks were 

observed from the deconvoluted spectra in Fig. 6.2 (B) and centered at 412 nm, 433 nm, 466 nm 

and 453 nm. Emission peak at 412 correspond to the violet luminescence and is due to the radiative 

defects related to interface trap existing at the grain boundaries. Emission at 433 nm and 466 nm 

are related to the deep level emisions and mainly results from defects such as interstitials and 

oxygen vacancies. The peak at 453 nm is due to luminescence centers in the material [16]. These 

emission peaks are from the host material α-Fe2O3. The peaks appered to be centered at the same 

position for all three samples as the Tm concentration increases.  

  

 

Figure 6. 2 (A), Photoluminescence spectra of Tm:α-Fe2O3 with different concentrations (a) 0.2 mol%, (b) 0.4 mol% and (c) 

0.6 mol% : (B), Deconvoluted photoluminescence emission spectra of 0.mol% Tm:α-Fe2O3.  

 

6.3.3. Diffused reflectance  

The UV-Vis diffuse reflectance of Tm3+ doped α-Fe2O3 nanomaterials was measured using the 

1050 UV-Vis-NIR spectrophotometer. The spectra are shown in Fig 6.3. Below 500 nm the spectra 

show low reflectance nature of the materials and thereafter increases the rapidly around 560 nm.   

The increase around 560 nm indicates that the band gap is about 2.1 eV. The transition below 500 

nm are due to ligand-to-metal charge transfer [17]. The absorption at 550 nm is assigned to the 

26A1 → 24T1 excitation of the an Fe-Fe pair [18], possibly overlapped the contributions of 6A1→
4E, 

4A1(4G) ligand field transition and the charge-transfer band tail [19]. The absorption around 660 
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nm is assigned to 6A1 → 4T1, which arise from the spin-forbidden ligand field transition and in the 

red range of the spectrum, indicating the color of our material[4]. The absorption in the NIR is 

assigned to the ground state transition of Tm3+ from 3H6 to 3H5 [20].  

The band gap extrapolation is shown in Fig 6.3(B). The band gap was observed to be decreasing 

with decreasing crystallite size of the material from 2.12, 2.11 eV to 2.08 and 2.05 or sample (a), 

(b), (c) and (d), respectively. The 2.12 eV and 2.11 eV band gap exhibit an absorption threshold 

in our material, which is attributed to band gap exciton. The un-doped sample show a weak 

confinement, which caused an enhancement in band gap. After Tm3+ doping, the surface pressure 

increases and causes an increase in lattice strain, which decreases the band gap from 2.012 eV to 

2.05 eV. The decrease in bandgap to higher wavelength is caused by the larger strain, where the 

band gap is said to be red shifted. Therefore, the surface and interface effects cause the red shift, 

which is responsible for the reduction of the band gap [21]. The 2.08 eV and 2.05 eV band gaps 

are attributed to the charge transfer excitation at couples Fe2+- Tm3+ impurities that marks the 

extrinsic band gap [22].  

  

 

Figure 6. 3 (A) Reflectance spectra of Tm doped α-Fe2O3 with different Tm concentrations (a) 0.0 mol%, (b) 0.2 mol%, (c) 0.4 

mol% and (d) 0.6 mol%, Figure 3(B) corresponding band gaps. 
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6.3.4. Magnetic Properties 

It has been reported that the highest efficiency in clinical research has been demonstrated by 

supperparamagnetic nanoparticles with average sizes less than 20 nm and with narrow size 

distribution. Therefore, identification of atomic, electronic and magnetic structure of the iron oxide 

nanoparticles is an important task needed for the optimization of the methods for nanoparticles 

synthesis for the certain bio-medical requirements [23]. The rare earth ions are found to be 

promising additive to improve the magnetic properties of iron oxide. The magnetization hysteresis 

curve of the Tm doped α-Fe2O3 nanopartricles at room amd low tempetarures were measured using 

a vibrational-smaple magnetometer (VSM). The curves shows the hysteresis loop of the applied 

field (H) v/s the induced magnetization. Figure 6.4(A) shows the hysteresis loop of sample 1 and 

figure 6.4(B) is for sample 2. A sharp increase of magnetization was observed when applied field 

was increased form 0 to 10 000 Oe. Both samples exhibit paramagnetic behavior at room 

temperature. The materials were found to have a spherical shape (Fig 6.5) and the diameter in the 

nano range. The Morin transition has been shown to be strongly affected by strain and lattice 

defects as indicated in the XRD results [24]. The strain is caused by the incoporation of the Tm 

rare earth ion. At room temperature (300K), the material exhibit paramagnetic behavior. The 

contribution of the paramagnetic behavior of our material may be arising from the Tm3+ ions. The 

2 unpaired electrons in the inner 4f subshells of the Tm3+ ions are tightly bound to the nucleus and 

shielded by the outer closed shell 5d16s2 electrons from the crystal field and are responsible for the 

magnetic characteristics of the Tm3+ ions. Tm3+ paramagnetism, arises from the magnetic moment 

related to the Tm3+ions and are localized and non-interacting. The same behavior was obsererved 

by N. Shrivastava, when doping the nanomaterial with Gd3+ [11]. 

When the temperature was decrease to 100K, 20K and 5K, the nanomaterials showed 

ferromagnetic behavior. The ferromangnetic behavior is due to the fact that at TM, a spin flip 

transition takes place and the spin aligns parallel to the c-axis, retaining the ferromagnetic coupling 

within a given plane [24].  This leads to increase in saturation magnetization, retenstivity (Mr) and 

coercivity (Hc), with decreasing temperature. It can be seen that the coercivity is higher at 5K than  

at room temperature and the other temperatures. The shape of the hysteresis is due to the surface 

anisotropy of the particles and magnetic core shell structure resulting in the ununiform reversal of 

the nanoparticles magnetization. Finite α-Fe2O3 is known to be antiferromagnetic under Morin 
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temperature , Tm = 250K. However, doping with Tm makes it to stay at the ferromangetic regime. 

The observed values are listed on table 5. 

 

Figure 6. 4 (A), Hysteresis loop for 0.0 mol% Tm:α-Fe2O3 , (B)Hysteresis loop for 0.2 mol% Tm:α-Fe2O3, (C) Hysteresis loop 

for 0.6 mol% Tm:α-Fe2O3 nanoparticles.  

                 

 

Figure 6. 5 SEM image of (A) α-Fe2O3 nanoparticles and (B) Tm: α-Fe2O3 nanoparticles.  
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Table 6. 2 Magnetization data of (A) 0.0 mol% Tm:α-Fe2O3 , (B) 0.2 mol% Tm:α-Fe2O3, (C) 0.6 mol% Tm:α-Fe2O3 

nanoparticles  

 Sample (A)  Sample (B)  Sample (C) 
 300 k 300 K 100 K 20 K 5 K 300 K 100 K 20 K 5K 

Saturation 

Magnetization  

(emu/g) 

0.48 6.32 7.15 7.55 7.75 11.18 13.59 14.50 16.04 

Rentensivity  

(emu/g) 

0.10 0.53 1.386 2.78 2.59 0.01 1.78 4.39 7.52 

Coercivity 

(Oe)  

41.89 20.00 23.00 96.00 175.00 39.40 100.90 110.00 192.00 

 

6.4. Conclusion 

We have reported on microwave synthesis of Tm doped α-Fe2O3 nanomaterials. The synthesis 

suggest the successful doping of Tm ions into α-Fe2O3 matrix, which was evidence from the XRD. 

The luminescence observed was found to be dominated by intrinsic defects from the host matrix 

rather than for the extrinsic defects of the Tm3+ ions. The increase in the intensity of the defects 

emission peak with the introduction of the Tm3+ ions was observed. The magnetic hysteresis 

showed a paramagnetic behavior at room temperature and ferromagnetic behavior below room 

temperature. The findings suggest that Tm3+ ions doped α-Fe2O3 nanomaterials with both 

luminescence and magnetic properties can be used for the development of luminescence-magnetic 

compound for biomedical opportunities in the field.  
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Chapter7: Up-conversion luminescence properties of 

Tm3+ and Yb3+ co-doped α-Fe2O3 nanoparticles 
  

7.1. Introduction 

There have been an increase of interest in various transition metal oxides. Binary iron oxides such 

as α-Fe2O3, Fe3O4 and γ-Fe2O3, are attractive materials, by virtue of their environmental affinity, 

abundance and low cost [1]. α-Fe2O3 is the most chemically stable in ambient conditions of the 

three polymorphs, because it is non-toxic and bio-compatible. It shows n-type semiconducting 

properties with a band gap mostly approximated to 2.2 eV, which lies in the visible region [2]. 

Foreign materials can be introduced into the α-Fe2O3 structure to substantially modify its 

properties, particularly facile for trivalent lanthanide (Ln3+) cations having similar ionic radius [3]. 

The guest cations may alter the particle size [4] or induce change in optical properties, as observed 

for La-substituted α-Fe2O3 [5]. In our study we doped α-Fe2O3 with up-converting rare-earth ions 

to study the up-conversion luminescent properties of the nanomaterials. Ln3+ ions are an attractive 

class of dopant ions, particularly the trivalent cations due to their peculiar magnetic and optical 

properties related to their f-electron configuration. Doping α-Fe2O3 with Ln3+ ions is however 

challenging, due to the different size of the Fe3+ ironic radius compared to that of the lanthanide 

ions [3].  

There have been a wide use of luminescent materials in different technologies nowadays. Other 

luminescent materials were also investigated, but it has been reported that relatively few of these 

materials found their way into applications [6]. Ln3+ ions, owing to their abundant energy levels 

of 4f configurations are endowed with unique and fascinating optical properties. Ln3+ ions possess 

real intermediate energy level, which gives out desired emission via various energy transfer 

pathways. Certain Ln3+ ions possess both down-conversion and up-conversion luminescent 

properties. These lanthanides have received consistent attention due to their excellent 

photostability and long luminescence lifetime, as well as their large stokes/anti-stokes shift and 

sharp-band emission [7]. Up-converting (UP) Ln3+ ions can be doped into solid-state 

nanomaterials, which are then called up-conversion nanoparticles (UCNPs). UCNPs are dilute 

guest host system where Ln3+ ions are dispersed as a guest of less than 100 nm in size. The Ln3+ 
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dopants are referred to as optically active centers, which produce emission when excited. 

Depending on the dopant, UCNPs can display wavelength selective up-conversion, such as NIR 

to shorter NIR, visible, or UV [8]. Among the research materials, Ln3+ ions, such as Er3+, Tm3+, 

Ho3+ and Pr3+ are doped as activator ions, because they possess favorable metastable energy levels 

with long lifetimes. Yb3+ has a large absorption cross section at around 980 nm therefore, is doped 

as a sensitizer and can efficiently transfer the excitation energy to the activator ions [9]. 

There has been a renewed interest in the spectroscopic properties of the thulium (Tm3+) ions over 

the past years, particularly in application areas such as optical communication, Bio­imaging  and 

sensing [10]. Non­invasive imaging and minimally invasive in­vivo bio­ imaging techniques are 

valuable tools in the arsenal of clinical diagnostics. Many types of bio­imaging are available, span­ 

ning from techniques that enable whole­organism anatomical imaging to others that provide 

specific molecular imaging at subcellular resolution. Such tools are expected to be pivotal for 

advancing early­stage cancer diagnosis, guided stem cell therapies, drug delivery, pathogen 

detection, gene therapy, image­guided surgery, and cancer staging [11]. For bio­imaging uses, the 

application of particles that presents superparamagnetic behaviour at room temperature is preferred 

[12]. Intensive research has been recently dedicated to obtain laser radiation in the visible spectrum. 

Ln3+ ions doped solid­state materials can provide an efficient mechanism to obtain blue and green 

laser radiation. The electronic transitions 1D2 → 3F4 and 1G4 → 3H6 around 450 and 480 nm, 

respectively, of Tm3+ doped materials can generate blue up­conversion emission [13]. Yb3+ being 

the most active sensitizer, can transfer the electrons to the Tm3+, thereby enabling the Tm3+ to emit 

when co­doped. This is due to Yb3+ having the advantage to present only two metastates: the 

ground state level 2F7/2 and the excited state level 2F5/2, corresponding to the highly efficiency 

absorption in the range of 900­100 nm. The level structure is highly desirable for efficient 

absorption of commercially available laser diodes emitting around 980 nm and avoiding any 

undesirable excited state absorption under intense optical pumping [14].  

In this chapter, we have synthesized an up­converting nanoparticles of α­Fe2O3 doped with an 

optically active sensitizer (Yb3+ ions) and activator (Tm3+ ions). The mechanisms for the up­

conversion process are established and studied at three different Yb3+ concentration rations.  In 

addition, we carried out density functional theory calculations to provide further insight on the 

electronic and optical properties of the pristine and doped α­Fe2O3.  
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7.2. Synthesis method 

Microwave synthesis was used to synthesize α-Fe2O3:Tm,Yb. Microwave irradiation has become 

widely used as a rapid heating method for the synthesis of iron oxide nanoparticles. It also reduces 

the reaction time and increases product yield when compared to conventional heating methods 

[15]. Ferric chloride, Urea as fuel, Polyethylenglycol, thulium nitrate and ytterbium nitrate were 

used as precursors, in stoichiometric amounts, in order to achieve 0.2 mol % doping of Tm3+ ions, 

and 2, 4 and 6 mol % co-doping of Yb3+ ion. The mixture was dissolved in distilled water and was 

allowed to react inside a stainless steel vessel. The reaction was subjected to 750 W microwave 

power for 15 minutes. The final product precipitated at the bottom of the glass tube, and was 

collected by centrifugation. It was washed with deionized water and dried in air at 80℃  for 1 

hours. The dried powder was further annealed inside a microwave assisted oven at 600℃ for 4 

hours to obtain a red colored compound. The compound was ground into a fine powder that was 

characterized using XRD to obtain crystal structure, Scanning electron microscopy (SEM) to 

observe the surface morphology, Energy dispersive spectroscopy (EDS) for elemental analysis, 

UV_Vis_NIR spectrophotometer for reflectance studies, Photoluminescence Laser system (PL) 

for up-conversion studies. 

 

7.3. Characterization techniques  

7.3.1. Phase analysis   

The structure and phase composition of the samples were investigated using RIGAKU Smart Lab 

X-ray diffractometer. The measured diffraction patterns are shown in Fig 7.1. The diffraction 

peaks are observed to be wide and less intense, indicating internal strain on the samples. The 

positions of major peaks correspond to the rhombohedral phase of α-Fe2O3 (PDF: 9000139), with 

peak 104 being the preferred orientation. Impurity peak corresponding to (002), (111), (020) and 

(021) diffraction peaks were observed and found to belong to YbFeO3 (card no: 2107089). The 

crystallite size (D) was estimated using Debye Scherer’s equation 

D ≈ 
0.9 𝜆

𝛽𝑐𝑜𝑠𝜃
,       7.1 
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where λ is the wavelength of the x-rays, θ is the diffraction angle, and β is the full width at half 

maximum (FWHM) of the diffraction peak [17]. The estimated D for sample (a) is about 0.32 nm 

and (b) 0.45 nm. The diffraction peaks are observed to be broad, which support the small crystallite 

size of the material.  
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Figure 7. 1 XRD spectra of Tm:Yb co-doped α-Fe2O3 (a) 0.2 mol%Tm:2%Yb and (b) 0.2mol%Tm:4%Yb.  

 

7.3.2. Structural properties  

The EDS spectra and maps were employed to investigate the chemical composition of the samples, 

and are shown in fig 7.2 $ 7.3. Several elements were detected as displayed in the EDS spectra and 

maps, which include C from the carbon tape, Cu from the sample holder, Cl is a residual from the 

precursors during synthesis, Fe, O, and Yb were from the final product. Tm was not detected and 

this may be attributed to its low concentration in the sample or peak overlapping. From the maps, 

Fe, O and Yb appear to be more inside the sample than other elements, as observed from their 

positive image of the particle under analysis. The EDS spectra show an increase in the intensity of 

the Yb peaks with an increase in its doping concentration increases. The EDS maps show that the 

Yb is homogeneously distributed inside the particle, which is being analyzed.   



118 | P a g e  
 

  

Figure 7. 2 EDS of  (a) 0.2mol%Tm:2mol%Yb and (b) 0.2mol%Tm:4mol%Yb. 

 

 

Figure 7. 3  Mapping  of 0.2mol%Tm:4Mol%Yb of co-doped α-Fe2O3. 

 

The SEM-CL spectra and SEM-CL image were collected by the field-emission scanning electron 

microscope equipped with a MonoCL4 measurement unit, illustrated in fig 7.1. The CL image and 

spectra were produced when the electron beam was swept across the defined area by collecting a 

full emission spectrum per position [18]. The CL emission intensity was high enough for CL 

imaging, as indicated by the glow in the bright spot. The CL spectra were measured with a PMT 

960 detector, and the emission peaks observed correspond to the emission of Tm centered at 364 
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nm, 468 nm, 680 nm and 806 nm, corresponding to1D2 → 3H6, 
1G4 → 3H6, 

3f2,3 →
3H6 and 3H4 → 

3H6, respectively.  

 

Figure 7. 3 CL images showing the luminescenet feature and spectra showignt the luminescent emission of the Tm:Yb co-doped 

α-Fe2O3. 

 

7.3.3. Optical absorption  

The diffuse reflectance spectra were recording using 1050 UV_Vis_NIR absorption spectroscopy, 

equipped with a BaSO4 integrating sphere. The spectra shown in fig 5(a) indicate that the sample 

mostly absorbs between 400 and 550 nm, with a second major absorption around between 700 nm 

and 1000 nm. These two major absorption may be attributed to the band to band absorption and 

the defect absorption transition of α-Fe2O3 [19]. The band at 970 nm in the near infrared is 

attributed to the Yb3+ ion 2F7/2 → 2F5/2 transition [20]. The intensity of this peak was observed to 

increase with an increase in Yb3+ concentration. In bio-imaging applications, the absorption of 

water is low and scattering is the dominant interaction in the optical range of 600 - 1000 nm. 

However, in this range the incident light can propagate inside highly scattered target up to a few 

centimeter until the diffused photons are absorbed out of the target. These photons can be re-

emitted and collected in the reflectance geometry and can be used for both thin and thick targets 
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such as newborn and adult heads. However, the reachable depth of collecting photons is limited to 

less than 4 cm [21]. 

Figure 4. (b) Shows Kubelka-Munk function transformed from the diffuse reflectance, using (Eq 

2):  

    F(R) = 
(𝟏−𝑹)𝟐

𝟐𝑹
,      (2) 

where F(R) is the diffuse reflectance factor that is transformed according to the kubelka-Munk 

model, from the reflectance R, which is further transformed to the Kubelka-Munk function, as 

detail by Wood [22]. The band gap was extrapolated from the Kubelka-Munk function plot. The 

estimated band gap increases from 1.86 eV to 1.97 eV with an increase in Yb3+ concentration. 

From the diffuse reflectance spectra, we observed a blue shift due to quantum confinement.        

 

Figure 7. 4 (A) Diffuse Reflectance spectra of (a) 0.2mol%Tm:2mol%Yb and (b) 0.2mol%Tm:4mol%Yb and (B) Band gap 

extrapolation of (a) 0.2mol%:2mol%Yb and (b) 0.2mol%Tm:4mol%Yb co-doped α-Fe2O3 
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7.3.4. PL Up-conversion  

Yb3+ ions have been reported to be the best sensitizers for up-conversion luminescence, when 

paired with Er3+, Ho3+ and Tm3+ ions. This is due to its absorption cross section  that is 9.11 x 10-

21 cm-2 at 980 nm, which is larger than that of other Ln3+ ions, and this is attributed to its single 

excited state energy level (2F5/2), which matches well with the f-f transitions of  Tm3+, Ho3+, Er3+ 

etc. [23]. Upon 980 nm laser excitation, Yb3+ ions are excited from the ground state 2F7/2 level to 

the excited state 2F5/2 level, which is followed by a transfer of energies to the nearby Tm3+ ions. 

The UC emission spectra and the possible mechanism are shown in figure 7.5. Figure 7.5(A) shows 

the emission from the range 400-850 nm, (b) 400-500 nm, (c) 650 – 750 nm and (d) from 750 – 

850 nm. From fig 7.5(A), only the emission around 800 nm is observed and the others are 

suppressed due to their low intensities. To clearly analyze them we plotted them into spectral 

ranges of (b), (c), and (d). The PL emission in the visible is displayed by three emission peaks that 

are observed at 476 nm, 695 nm and  707 nm, which are attributed to 1G4 → 3H6, 
3F2 → 3H6 and 

3F3 → 3H6 electron transitions, respectively. The 1D2 level of Tm3+ is unable to transfer the fourth 

photon from energy level of Yb3+ to the energy of 1G4 level because the population of 1D2 level of 

Tm3+ ions is not restrained [24].  Two emission peaks are observed in the NIR region, a weak band 

centered about 786 and a strong band centered at 798 nm, attributed to electronic transitions of 1G4 

→3H6 and 3H4 → 3H6 of the Tm3+ ions, respectively. Yb3+ absorbs majority of the excitation 

photons because their excitation cross-section for 2F7/2 → 2F5/2 contains the full f-f oscillator 

strength. The visible emission occurs because the Yb3+ ions have no higher-lying excited state than 

the 2F5/2, so the Yb3+ absorbed energy, is transferred to Tm3+, which displays the resulting emission 

[25]. The emission peaks were observed to increase with an increase in Yb3+ concentration. We 

must also mention that the emission peaks were not observed for Tm3+ singly doped α-Fe2O3 under 

980 nm excitation. This could be due to the Tm3+ low excitation cross-section at this excitation 

wavelength (980 nm). It then can be concluded that energy transfer is occurring between Yb3+ and 

Tm3+ rare earth ions.      
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Figure 7. 5 Up-conversion emission spectrum of (a) 0.2mol%Tm:2mol%Yb and (b) 0.2mol%Tm:4mol%Yb with (A) 400-850 

nm, (B) 400-500 nm, (C) 600-750 and (D) 750-850 nm.  

 

Fig 7.6 shows the energy levels of Tm3+ and Yb3+ ions in α-Fe2O3 nanoparticles. The 980 nm laser 

excites the Yb3+ ions from the ground sate 2F7/2 to the excited state 2F5/2, from where energy is 

transferred to the 1G4, 
3F2 and 3H5 energy levels of Tm3+ ions. The energy in the latter states of 

Tm3+ ions, is pumped to the highest state, 1G4. The electron relaxation from 1G4 to 3H6, 
3F3 to 3H6 

and 3H4 to 3H6 levels is radiative and results in emission peaks at 476 nm, 695 nm and 798 nm, 

respectively. Similar mechanism have been reported by F. Guell et. al. when exciting the Tm3+ 

ions by 940 nm laser, the emissions were from the 1G4 to the 3H6 and 3F3 to 3H6 levels, generating 

the emission at 476 nm and 650 nm respectively [13]. The lowest 3H6 manifold consist of several 

stark levels (2n +1 = 7). The lowest stark level stark level comprises of a higher proportion of the 

density of states due to thermal equilibrium that exist between them. Since the emission could be 

from any of the stark level, the emission luminescence from the CL have slightly shifted from that 

of the up-conversion emission[26]. Additionally, the color index for the different emission peaks 

was determined using the  International Commission on Illumination (CIE) coordinate plots.  The 

CIE coordinates are standards reference for defining colors, which are obtained by considering the 
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different sensitivity of human eye to different colors. By multiplying the spectral power by each 

of the three color matching functions (X,Y,Z), we can obtain the CIE chromaticity coordinates, 

whereby, after proper normalization, only two chromaticity coordinates (X,Y) are calculated [27]. 

The CIE coordinates for the emission peaks of α-Fe2O3: Tm3+,Yb3+ (fig. 8) were (0.13:0.08) 

(0.12:0.08) for the range, (0.58:0.41) and (d) (0.61: 0.38), for the 400-500 nm, 550-750 nm and 

750-8500 nm range, respectively. From the coordinates, it is evident that our material emits blue 

and red visible colors as observed from UC emission as well.  
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Figure 7.6 Energy transfer mechanism between Tm3+ and Yb3+ Up-conversion 

                           

Figure 7.8 CIE chromaticity coordinates 
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7.4. Conclusion 

Tm3+ and Yb3+ ions were successfully incorporated inside α-Fe2O3 host, using the microwave 

synthesis method. The XRD confirmed the presence of α-Fe2O3 phase with some impurities. The 

elemental analysis indicated the presence of Fe, O and Yb from the final product. The CL spectra 

showed the down-conversion emission from the Tm3+ ions. It was necessary to incorporate Yb3+ 

ions as sensitizers in α-Fe2O3:Tm3+, in order to obtain an emission, because the singly doped 

phosphor was not giving any optical response.  The resulting PL emission was observed at 476 

nm, 695 nm and 798 nm corresponding to 1G4 → 3H6, 
3F2,3 → 3H6 and 3H4 → 3H6 transitions of 

Tm3+, respectively, which was induced by energy transfer from Yb3+ ions. The visible blue and 

red emission colors were confirmed by the CIE coordinates. Therefore, this material shows 

positive optical properties, which are very important for fluorescence imaging application. 
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Chapter 8: Summary and future work 
 

The aim of this project was to synthesize and study the structural, optical, luminescence, 

morphological and magnetic properties or trivalent-doped α-Fe2O3. Two synthesis methods had 

been employed (1) sol-gel method which was used for the un-doped, Ho doped and Ho:Yb co-

doped α-Fe2O3. (2) Microwave synthesis was used for Tm doped and Tm:Yb co-doped α-Fe2O3. 

All these materials were successfully synthesized by both methods and characterized.  

The first part of the work was to synthesize pure α-Fe2O3, Ho doped and Ho:Yb co-doped α-Fe2O3 

nanomaterials. The nanomaterials were characterized by, XRD, UV-VIS, PL, TEM, XPS and 

VSM. The results shows the influence of the dopants on the host matrix. However, no up-

conversion emission was observed with these materials.  

The second part was to synthesize Tm doped and Tm:Yb co-doped α-Fe2O3 nanomaterials by 

microwave synthesis. XRD, SEM, UV-VIS and VSM were used to characterized the nanomaterials 

for the structure, morphology as well as magnetic properties. From the Tm doped nanomaterials, 

the luminescence were intrinsic defects from the host and no emission from Tm was observed. The 

up-conversion was not observed due to the quenching effect of the host matrix. However, the 

materials showed very good magnetic properties. The hysteresis loop at room temperature showed 

a paramagnetic behavior. The magnetization values were observed to be higher than the reported 

value of the bulk materials (1.2 emu/g). This indicate the improvement of the magnetic properties 

of this materials which is good for the MRI application.  

The CL showed a down-conversion emission from Tm3+ centered around 364 nm, 468 nm, 680 

nm and 806 nm, corresponding to 1D2 → 3H6, 
1G4 → 3H6, 

3f2,3 →
3H6 and 3H4 → 3H6, respectively. 

The peak at NIR was observed to be lower than  that from up-conversion, thereby exhibiting a blue 

emission. The Tm3+ and Yb3+ co-doped showed up-conversion luminescence from Tm3+ ions. The 

observed up-conversion luminescence is attributed to the energy transfer from Yb3+ and Tm3+, 

which was the main objective of the study. The luminescence spectra showed low intense emission 

from the Tm3+. We observed the emission transition of Tm3+ centered at 479, 690 and 800 nm 

corresponding to 1G4 → 3H6, 
3F2,3 → 3H6 and 3H4 → 3H6 transitions, respectively. The emission 
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was dominated by the red color, which lie in the visible range, and can be observed without 

difficulty in luminescence imaging application. 

The proof of concept exposed in this work shows that rare earth Trivalent, can be doped into the 

α-Fe2O3 nanostructures to show an improved up-conversion luminescence. Further investigation 

of this work is required, to better improve the results.  The major findings of this work is that we 

managed to incorporate the rare earth into the α-Fe2O3 host and observed the up-conversion 

luminescence. The observed luminescence was shown when Tm and Yb were added to the host. 

Our findings suggest that the synthesized nanomaterials can be used in optical imaging 

applications, due to their improved luminescence properties.   

Future work  

From our research finding, there is still more work to be investigated in this subject and are listed 

below: 

 There is a need to optimizing the sol-gel method, especially when doping with rare earth  

 To optimize the luminescence properties of the nanomaterials. For the samples synthesized 

by sol-gel, up-conversion luminescence was not observed. For the microwave synthesized 

materials, there was up-conversion but with low intensity. 

 There is also a need to optimize the structure of these materials. For imaging application, 

we expect to have spherical samples with sizes ranging between 1 and 40 nm. 

 Once the required nanomaterial is optimized, the microscope will be used to image the 

materials. 

 The final step will be to do the bio-imaging in animals with our nanomaterials  
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