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Synopsis 

I 
 

SYNOPSIS 

The subject of this Ph. D. thesis is the “Synthesis, characterization and 

photoluminescence spectroscopy of lanthanide ion doped oxide materials” of interest 

in photonics and optoelectronics. Optical materials doped with rare earth elements are 

of great relevance in science and technology. Modern solid state optical technology is 

mainly based on lanthanide doped materials, with applications ranging from solid 

state lighting, field emission diodes, in-vivo fluorescence imaging, white-light-

emitting phosphor for UV-LEDs, finger print detection, proton detector, lasers, 

dosimetry, drug delivery and optical & MRI imaging [1-13]. From the scientific point 

of view, lanthanide doped materials attract increasing attention due to their particular 

physical properties. In the context of global energy shortage, energy-saving is an 

important issue that we are facing on. In the field of lighting, white light emitting 

diode (WLED), a new generation solid source has been highlighted due to its high 

luminous efficiency, low energy consumption and great potential in environmental 

protection. Thereafter there is a present trend to replace the traditional incandescent 

and fluorescent lamps [14, 15]. There is a tremendous growth in the development of 

WLED worldwide due to its various applications viz. lighting, motor vehicle and 

backlight for mobile panel and liquid crystal displays [16-19]. 

           Luminescent dopants are extensively used as local probes for identifying local 

structures in crystalline material, understanding the effect of chemical and thermal 

treatment on catalysts and probing the structure of biological molecules. In view of its 

non-degenerate emissive state, 5D0, Eu (III) ion is most appropriate as a luminescent 

structural probe [20-23] for the determination of the number of metal ion sites in a 

compound, their symmetry, and their respective population. Other lanthanide ions 

have transitions that are usually the mixtures of electric dipole transition (EDT) and 

magnetic dipole transition (MDT) and the effects of symmetry are less pronounced.  

Because of unique spectroscopic properties and luminescent dynamics of f -electron 

states, doping luminescent rare earth ions into nano-hosts has been demonstrated as an 

optimistic approach to develop highly efficient and stable nanophosphors for various 

applications. Nanotechnology is a major factor in the advancement of luminescence 

technology—it makes luminescence much brighter, leading to some special 

applications. Of the numerous publications and reports on nanomaterials, half are 

related to luminescence in one way or another. More than half of nanoscale materials 
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exhibit intense luminescence. These include semiconductor nanoparticles or quantum 

dots, organic nanoparticles, metallic nanoparticles, doped nanoparticles, carbon 

nanotubes and insulator nanoparticles. Quantum size confinement results in brighter 

luminescence and easy tunability of the emission color of semiconductor 

nanoparticles. Along with other advantages, such as small size, water-solubility, good 

photo-stability, narrow emission bandwidth, and surface functionalities, luminescence 

nanomaterials have tremendous potential for practical applications. Fortunately, due 

to the physics of quantum size confinement, nanoscale phosphors provide an avenue 

for further advancing solid-state luminescence. Compared to bulk materials, 

nanoparticles exhibit greater electron–hole overlap, thereby yielding greater oscillator 

strength and enhanced luminescence quantum efficiency. Improved oscillator strength 

is important because a phosphor’s emission decay lifetime is inversely proportional to 

its oscillator strength and typically shortens as particle size decreases. Similarly, by 

overcoming the inherent loss of luminescence efficiency normally associated with 

smaller size materials, luminescence nanoparticles hold the promise of practical 

phosphors that are considerably smaller than what can be achieved currently. Among 

the materials evaluated as hosts for lanthanide ions in this work, our attention was 

mostly focused on alkaline earth silicate, zirconate and cerate. These materials are 

characterized by good transmission properties in the visible part of the 

electromagnetic spectrum and relatively low phonon energies. They can be efficiently 

doped with lanthanide ions, due the similarity between the ionic radius of the alkaline 

earth and the lanthanide ions. Therefore these materials are prospective high 

efficiency luminophors and are attracting increasing interest for photonics and 

optoelectronics applications. Indeed alkaline earth silicate, zirconate and cerate are 

resistant to many chemicals and air exposure. They can also be grown with low-cost 

techniques. They are also thermally, chemically and mechanically stable.  Few new 

oxide hosts were also tried to venture into novel lanthanide doped luminescent 

materials viz. Zn2P2O7, ThO2 and ZrO2 . 

            We have also synthesized some novel white light emitting materials with high 

CRI index and efficiency. The idea is to synthesize low phonon-energy luminescent 

materials (micro and nano regime) to minimize non-radiative losses.   

              Synthesizing nanoparticles of refractory oxides like ThO2 and ZrO2 at lower 

synthesis temperature is a challenge.  Hosts like ThO2, Zn2P2O7 and Sr2CeO4 having 

very low phonon energy are good candidates for luminescent materials; but they are 
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relatively unexplored. Another novel approach is to use lanthanide ion as a structural 

probe (structure- properties correlation). Further understanding why different 

lanthanides (Sm, Eu and Dy) behave differently in same host is an interesting 

problem. This can be solved by theoretical validation of experimental results. 

       Although many reports are available on lanthanide doped ZrO2 nanoparticles, 

very few reports are there on luminescence properties of lanthanide ion in ThO2. Eu3+ 

is used as a structural probe to understand its local site symmetry in nanocrystalline 

ThO2. For the first time, reverse micellar route is used to synthesize ThO2. Although 

reports exist on luminescence properties of lanthanide ion in Sr2SiO4 and SrZrO3 

(SZ), none of them explain the site occupancy of Ln3+ and its related effect on 

luminescence properties in these matrices. Time resolved emission spectroscopy 

(TRES) is extensively used as a tool to understand such phenomena. In Sr2SiO4, there 

are two types of sites for Sr2+. One is a more symmetric 10 coordinated site Sr (1) and 

the other is a less symmetric 9 coordinated site Sr (2). In SrZrO3 also there is 8-

coordinated Sr and 6-coordinated Zr. However, when an active dopant is introduced 

into this perovskite, the optical and magnetic properties are dramatically changed 

depending on the distribution of the dopant in the perovskite ceramic. Studies of 

dopant ion distribution in perovskite have attracted much attention, because they may 

lead to better understanding of the correlations between structure and properties such 

as color, magnetic behavior, catalytic activity, and optical properties, etc., which are 

strongly dependent on the occupation of these two sites by metal ions. None of the 

available literature explained the site symmetry of Ln3+ in SrZrO3 nanocrystals. 

Considering the relatively wide band gap, high refractive index and lower phonon 

energy, SZ is a good candidate to be used as the host material in order to excite RE 

ions efficiently and to yield intense luminescence. Metal ions could be conveniently 

substituted into the SZ lattice, if their ionic radii are comparable to that of the 

Sr2+/Zr4+ cations. It is thought that these “magic” dopants can choose their site 

occupancy as a result of the local Sr/Zr ratio and oxygen partial pressure during firing. 

Such dopants are also termed “amphoteric”, because the site change of a dopant with 

well defined valence causes a change of the relative charge. We have used PL to 

investigate a series of lanthanide ions doped in strontium zirconate, with the main aim 

of determining the site occupancy of the lanthanide. 

         Different lanthanide ions viz. Eu, Sm and Dy ions have been used as structural 

probes to understand their site occupancy in Sr2SiO4 and SrZrO3. These ions were 
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found to behave differently in terms of their local site occupancy in these matrices. 

This aspect has been investigated in detail in the present work. Theoretical modeling 

and EXAFS studies were carried out to explain such anomaly. Effect of replacing Si 

(IV) by Ce (IV) in Sr2SiO4 is investigated in Sr2CeO4 system. Ionic size of silicon 

0.40 Å; not ideal for Eu3+ substitution- entire Eu is distributed to Sr2+ site. Si (IV) is 

replaced by Ce (IV) whose ionic radius is very close to Eu (III). Also synthesizing 

Sr2CeO4 is a challenge, because it decomposes peritectically to SrO and SrCeO3 at 

higher temperatures.   

In addition, Judd-Ofelt parameter and other photophysical properties like (radiative 

transition rate, radiative lifetime, efficiency, and branching ratio) of Eu3+ ion in 

zirconium oxalate and zirconium dioxide was evaluated by adopting standard Judd-

Ofelt (J-O) analysis procedures. These J-O parameters reflect the local structure 

around the metal ion in the host and provide information regarding the nature of the 

metal-ligand bonding in the matrix. 

        Luminescence properties of hosts like Zn2P2O7 (both undoped and doped) with 

lanthanide ions have been investigated for the first time with a view to develop new 

and robust phosphor materials having multifunctional applications. Zinc 

pyrophosphate is known to undergo structural phase transition at 132oC. We have 

doped 2.0 mol % Mn2+ in zinc pyrophosphate and used electron paramagnetic 

resonance (EPR) as a probe to understand the mechanism for phase transition. This 

aspect was also supported by high temperature x-ray diffraction (HTXRD) and 

differential scanning calorimetry (DSC).  

          Cost of lanthanide ion is an issue; keeping this in mind, we have synthesized 

rare earth free visible emitting luminescent materials viz. SrZrO3, Sr2CeO4 and 

Zn2P2O7. Hence, it is expected that suitable modification in the synthesis procedure as 

well doping these hosts with lanthanide ions can give efficient luminescent materials, 

which can have multi colour emission.  

Keeping the above mentioned aspects in mind, the luminescence properties of these 

nanomaterials have been investigated during the course of the present investigation.  

Effect of various synthesis conditions like concentration of dopant ion and annealing 

temperature on photoluminescence properties (emission spectra, excitation spectra 

and luminescence life time) of lanthanide were investigated. Based on critical distance 

calculations we have proposed mechanism for concentration quenching. 
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Based on concentration quenching, mechanism for the same is also proposed. SrZrO3 

is an interesting host because of its multicolor emission properties and ferromagnetic 

behavior. EPR study showed the presence of oxygen vacancy in SrZrO3 nanocrystals.   

Emission and EPR studies along with theoretical calculations were carried out to 

bring out the possible reason for multicolor emission in SrZrO3nanocrystals.  

         Various synthesis techniques were explored to synthesize the nanoparticles viz. 

Sol-gel, combustion, polymeric precursor, reverse micellar etc. Characterization of 

the materials is done by various physical and chemical methods. For structure, phase 

purity and crystallite size, X-Ray Diffraction has been used. For morphology and 

average particle size electron microscopy has been used. Dynamic light scattering 

(DLS) has been used for calculating particle size distribution and hydrodynamic radii. 

Extended X-ray absorption fine structure (EXAFS) is used to understand the local 

environment around Ln3+ ion in various inorganic hosts. Positron annihilation 

spectroscopy (PAS) is used to understand the nature of defects which arises due to 

aliovalent substitution. TRES has been extensively used in this work for recording 

such as emission and excitation spectra and luminescence lifetimes. The thesis is 

divided into 7 chapters. A brief description of the different chapters is given below. 

Chapter 1: Introduction 

In this chapter, the fascinating luminescence properties of lanthanide ion and the 

reason for the same have been discussed. In contrast to the broad band’s observed for 

transition metal ions, the lanthanide f-f electronic transitions exhibit typically very 

narrow spectra in the luminescence and absorption spectra. Since change in the local 

environment of the lanthanide ion has a negligible influence on the 4f-electrons, 

coordination will only affect the fine structure of the absorption and emission bands, 

rather than resulting in major shift in the peak position. Lanthanide ions can show 

emission in the near-UV, visible, near-infrared and infrared spectral regions. Each 

lanthanide ion has a characteristic absorption and emission spectra. It also describes 

about various selection rules pertaining to f-f transition and energy levels of various 

lanthanide ions.   

This chapter also explains about the choice of host and luminescent dopant to 

synthesize the phosphor. With respect to the energy gap requirement, it is obvious that 

Eu (III), Gd (III), and Tb (III) are the best ions, with ΔE = 12 300 (5D0 → 7F6), 32 200 

(6P7/2 → 8S7/2) and 14 800 (5D4 → 7F0) cm-1, respectively. However, Gd (III) emits in 
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the UV and is not very useful as luminescent probe for bioanalyses, because its 

luminescence interferes with either emission or absorption processes in the organic 

part of the complex molecules. Lanthanide photophyics, Judd-Ofelt Theory, 

information gained from lanthanide luminescence, luminescence quenching, energy 

transfer, multiphonon emission, cross relaxation and importance of lanthanide doped 

nanomaterials are also discussed in this chapter. Difference in Luminescent properties 

of lanthanide doped nanoparticles w.r.t. bulk has also been discussed in this chapter. 

 

Chapter 2: Experimental 

The synthesis techniques adopted in preparation of different nano/micro luminescent 

materials and the experimental techniques used for characterization of these materials 

have been presented in Chapter 2. The reverse micellar route has been used for the 

synthesis of refractory oxide like thoria and zirconia at very low temperature. 

Different types of surfactant are employed to obtained nanorods and nanocubes. Sol-

gel route and combustion method adopted for preparation of Sr2SiO4 and SrZrO3 has 

been elaborated. Solution-Polymerization method used for synthesis of zinc 

pyrophosphate and strontium cerate is also discussed in great deal. Thermal analysis 

(TG/DSC) of the gel precursors / precursor powders has been carried out in order to 

study the nature of thermal decomposition and determination of calcination 

temperatures. Phase evolution of synthesized powders was characterized by X–ray 

diffraction after calcination. Particle size of powder was characterized by laser 

scattering particle size analyzer. Particle morphologies were observed in scanning 

electron microscope (SEM) and transmission electron microscope (TEM). Local 

environment/ site symmetry around lanthanide ion in a particular host is investigated 

using time resolved fluorescence spectroscopy (TRFS) and extended x-ray absorption 

fine structure (EXAFS) measurement employing synchrotron. Theoretical calculations 

were also done to understand the difference in behavior of different lanthanides in 

terms of their local site occupancy in strontium silicate. Positron annihilation 

spectroscopy (PAS) has been carried out on lanthanide doped strontium silicate 

sample to probe the nature of defects, which arise due to aliovalent substitution.   

 
Chapter 3: Lanthanide doped binary oxides (thoria and 
zirconia) 



Synopsis 

VII 
 

 
This chapter discusses about the photoluminescence properties of lanthanide ions in 

nanocrystalline thoria and zirconia matrices. Here, we had introduced Sm3+/Eu3+ ions 

in nanocrystalline ThO2 and Eu3+ in ZrO2 by means of a versatile microemulsion 

based synthesis (reverse micellar route) in order to obtain multifunctional materials, 

which combine the optical properties of the lanthanides with the properties of the host 

matrix. The main idea behind this work was that by appropriate control of the 

synthesis parameters, one can use these nanoreactors to produce tailor-made products 

down to nanoscale level with new and special properties. The aim of this study was to 

lower the synthesis temperature for preparing thoria nanorods and zirconia nanocubes 

from their oxalate precursor via the surfactant (Cetyl Trimethyl ammonium bromide, 

CTAB for thoria and tergitol for zirconia) assisted reverse micellar route and 

characterize the same with Thermogravimetric analysis (TGA), X-ray diffraction 

(XRD), High resolution transmission electron microscopy (HRTEM), and 

Photoluminescence (PL) spectroscopy.  Through the present work, we have tried to 

investigate the emission, excitation and lifetime studies of the samarium/europium ion 

in thoria matrix.  The sites occupied by Sm3+ ions and effect of site symmetry were 

studied using time resolved emission spectrometry.  PL spectra of Eu3+: ThO2 

nanocrystals was studied after annealing at higher temperatures in the range 500-

900°C. Eu3+ ion occupied two different sites in the host and relaxes at different time 

intervals. The change in lifetime of Eu3+ at two sites with annealing temperature could 

be related with changes in structure of the host by investigating the changes in 

intensity of time resolved emission spectra of Eu3+ at two different sites.  As far as 

ZrO2:Eu3+ is concerned; this is the first report on synthesis of zirconia using non-ionic 

surfactant in reverse micelle. Through this route, we could stabilize metastable 

tetragonal phase at 500oC through the addition of 1 mol % Eu3+, which is 

technologically more important.  We have tried to investigate the effect of ligand field 

(oxalate and oxide) on emission, excitation and lifetime studies of the Europium 

doped zirconium oxalate (precursor stage) and zirconium dioxide samples. In 

addition, Judd-Ofelt parameter and other photophysical properties (radiative transition 

rate, radiative lifetime, efficiency, branching ratio) of Eu3+ ion in the zirconium 

oxalate and zirconium dioxide were evaluated by adopting standard Judd-Ofelt (J-O) 

analysis procedures. These J-O parameters reflect the local structure around the metal 
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ion in the host and provide information regarding nature of the metal-ligand bonding 

in the matrix.  

 

CHAPTER 4: Luminescent properties of various lanthanide 
ions (Sm, Eu, and Dy) in α’-Sr2SiO4: understanding 
differences in their local environment  
 
This chapter discusses about the luminescence properties of Eu, Dy and Sm in 

strontium silicate and their local site occupancy in this matrix. Oxide-based hosts 

have received considerable attention for use in flat-panel displays due to their 

luminescent characteristics, stability in high vacuum, and the absence of corrosive gas 

emission under electron bombardment, as compared to currently used sulfide-based 

phosphors [23]. Therefore, oxide-based phosphors are likely to emerge as the choice 

for field emission diodes (FED) green or red phosphors. Among these, strontium 

silicate is an excellent matrix due its stable crystal structure, good mechanical strength 

and high thermal stability provided by the tetrahedral silicate (SiO4)2- group [24]. 

Sr2SiO4 has attracted current interest due to its special structural features and potential 

application in developing white light-emitting-diodes (LEDs), because GaN (400 nm 

chip) coated with Sr2SiO4 : Eu2+ exhibits better luminous efficiency than that of 

industrially available products such as InGaN (460 nm chip) coated with YAG : Ce 

[25].  The optical band gaps of alkaline earth silicates range between 4 -7 eV and 

therefore these materials are characterized by good transmission properties in the 

visible part of the electromagnetic spectrum. In the structure of Sr2SiO4, there are two 

different Sr sites: one having coordination number 9 and the other with coordination 

number 10. The ten coordinated Sr(1) sites form linear three-membered rows of (Si–

O–Sr(1)–O–Sr(2)), whereas the nine coordinated Sr(2) sites form zig-zag chains of 

(Sr(1)–O–Sr(2)–O–Sr(1)) along the b-axis [26]. Sr (1) polyhedron has more 

symmetric environment with hexagonal pseudo-symmetry along the y-axis [27]. It 

shares the face and the vertex with the two SiO4 tetrahedra, which are vertically above 

and below it and the three edges with three SiO4 tetrahedra. We have doped 0.5 mol 

% Eu, Dy and Sm in Sr2SiO4. TRFS studies showed that that Eu(III)/Eu(II) occupy 

both Sr(1) and Sr(2) sites, whereas Dy and Sm occupy only Sr(2). Theoretical 

calculations were done to validate the experimental results. Theoretical calculation 

showed that energetically substitution of Sr in Sr2SiO4 at 9-coordintated site is more 
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favorable than at 10-coordinated site. Due to relatively higher bond strength of Dy-O 

and Sm-O bonds, the inclusion of these at 10-coordinated site results in shortening of 

few M-O bonds, which leads to distortion in MO10 polyhedra. Such a distortion leads 

to destabilization of the conformer having Dy/Sm ion at 10-coordinated sites. 

 

CHAPTER 5: Luminescent properties of various lanthanide 
ions (Sm, Eu, Dy and Gd) in SrZrO3: A distorted perovskite 
 
This chapter discusses about the EPR and luminescence properties of gel-combustion 

derived undoped SrZrO3 and luminescence properties of Eu, Dy, Sm and Gd in 

strontium zirconate and their local site occupancy in this particular matrix. Results for 

optical properties of undoped and Sm doped SrZrO3 is modelled using density 

function theory (DFT) calculations. 

         Light emission from lanthanide ions plays an important role in solid state 

lighting (phosphor-converted light emitting diodes), display (plasma and field 

emission displays), and bioimaging (fluorescent markers) technologies. Owing to 

their high thermal and chemical stability and low environmental toxicity, lanthanide-

doped alkaline-earth perovskite oxides of formula ABO3 and their corresponding solid 

solutions (A,A′)(B,B′)O3 (A, A′ = Ca, Sr, Ba; B, B′ = Ti, Zr, Hf) are attractive 

candidates for nanostructured phosphors for display and bioimaging technologies. 

Specifically, they have shown potential as phosphors for field emission [28] and 

electroluminescent [29] displays, and as fluorescent markers for bioimaging [30]. 

Recently much attention has been devoted to the photoluminescent (PL) properties of 

titanates and zirconates with disordered perovskite structure. The main reason is the 

distinct potential of these materials for electro-optic applications [31, 32]. The optical 

properties of disordered semiconductors are characterized by the presence of a broad 

PL band. This phenomenon is attributed to the electronic states inside the band gap, 

which are the main defects for an intense PL response. According to Longo et al., the 

displacement of Zr or Sr atoms in disordered perovskite SrZrO3 may induce some 

vacancies at the axial and planar oxygen sites of the [ZrO6] octahedral [33]. It is well 

known that the vacancies defects may play important roles as luminescence centers 

and thus it is expected that the perovskite SrZrO3 may show host emission. Defect 

induced violet blue emission from strontium zirconate host has been observed by 

many workers [33, 34-36]. 
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The perovskite material of ABO3 type having various crystalline structures 

shows interesting physiochemical properties and is a potential host for the chemical 

substitution. Substitution at both A and B sites can leads to change in symmetry and 

composition and thus create various defects viz. cation or oxygen vacancies, which 

can drastically influence the band structures and it is the main factor in determining 

the electronic structures. In particular, these materials can accommodate lanthanide 

ions on the A-site or B-site. These doped oxides are not only used as probes to 

investigate local centers and energy, but also to provoke changes in their optical 

behavior. Moreover, doping foreign elements into a semiconductor with a wide band 

gap to create a new optical absorption edge is known to be one of the primary 

strategies for developing materials with optically driven properties. However, the role 

of the rare earth dopant ion in the perovskite structure is not very clear and is still 

being discussed. 

    However, when an active luminescent dopant like Sm, Eu, Gd and Tb is 

introduced into these perovskites, their optical and magnetic properties are 

dramatically changed depending on its distribution in the perovskite ceramic. None of 

the literature available explained the site symmetry of Ln3+ in SrZrO3 nanocrystals. 

Considering the relatively wide band gaps, high refractive indices and lower phonon 

energy, SZ is a good candidate to be used as the host material for efficient excitation 

of RE ions and intense luminescence. Metal ions could be conveniently substituted 

into SZ lattice, if their ionic radii are comparable to that of the Sr2+/Zr4+ cations. We 

have used PL to investigate a series of lanthanide-doped strontium zirconate, with the 

aim of determining the site occupancy of the lanthanide. Effect of concentration of 

dopant ion and annealing temperature on the luminescence properties were also 

studied. 

 
        CHAPTER 6: Luminescent properties of Eu3+ ion in Sr2CeO4: 

A low phonon energy host 
 

This chapter discusses the work relating to the synthesis via polymeric precursor 

route, and photo luminescence (PL) investigations of strontium cerate nanoparticles 

incorporated with varied concentration of europium. The synthesis conditions for the 

sample have been optimized. Mechanism for energy transfer and concentration 

quenching of the observed PL has been proposed. The color coordinates of the system 



Synopsis 

XI 
 

were evaluated and plotted on a standard CIE index diagram. The polymeric 

precursors method has been successfully applied for the synthesis of nanosized cerate 

red phosphors with different europium ion concentrations. Detailed X-ray 

investigations were done to optimize the parameter w.r.t to calcination temperature 

and time to get pure phase. Detailed photoluminescence investigations of undoped 

Sr2CeO4 showed bluish white emission with single lifetime of 59 µs.  

                Danielson et al. [37] have reported a novel blue luminescent material 

Sr2CeO4 prepared by combinatorial material synthesis technique, which exhibits the 

emission peak at 485 nm. The luminescence was believed to originate from a ligand-

to-metal Ce4+ charge transfer mechanism. Sr2CeO4 phosphor has been confirmed to 

have an orthorhombic crystal structure with one-dimensional chains of edge-sharing 

CeO6 octahedrons linked by strontium ions [38] and was considered to be a potential 

candidate for blue phosphors [39]. Thus, Sr2CeO4 belongs to a small group of crystals, 

whose luminescence properties are governed by regularly located luminescent 

elements. The main feature of such luminescent systems is the interaction of its 

regular optical centers, which promotes spatial delocalization of excitation energy. 

Such an interaction will facilitate the effective excitation energy transfer from the host 

to doped centers emitting in another spectral range. In addition, Sr2CeO4 was found to 

emit efficiently under ultraviolet, cathode ray and X-ray excitation [37] and [40]. The 

emission spectra of europium doped cerate sample showed characteristic peaks 

corresponding to the 5D0 → 7Fj (j=1, 2) transitions of Eu3+ ion as well as host emission 

under CTB. The PL decay time studies showed a bi-exponential decay, which was 

attributed to presence of europium ion at both Sr2+ as well as Ce4+ sites.  Longer 

lifetime component ( 800 μs) arises due to the Eu3+ ions sitting at regular 

centrosymmetric Ce4+ sites and the short lifetime component (60 μs) arise due to the 

Eu3+ ion at non-centrosymmetric Sr2+ sites. The concentration quenching of the PL 

signal intensity was observed for dopant ion concentration of more than 5 mol%. 

From this, the critical energy transfer distance of Eu3+ was calculated to be 13 Å and 

the mechanism of concentration quenching was determined to be the multipole–

multipole interaction. It was observed that with increase in Eu3+ concentration, PL 

intensity of europium emission lines increases, whereas that of host emission 

decreases. This was assigned to energy transfer between host and europium ion. The 
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J-O parameters and other radiative properties were evaluated for all samples adopting 

standard procedure and were related with spectral features of europium ion. 

 

             CHAPTER 7: Synthesis, structural characterization and 
spectroscopic investigations on a new host for lanthanide 
doping: Zn2P2O7 

 
This chapter discusses about the synthesis and structural characterization of 

zincpyrophosphate; a novel inorganic host for lanthanide luminescence. 

Luminescence properties of hosts like Zn2P2O7 (both undoped and doped) with 

lanthanide ions (Eu and Sm) are investigated for the first time with a view to develop 

new and robust phosphor materials having multifunctional applications. Zinc 

pyrophosphate is known to undergo structural phase transition at 132oC. We have 

doped 2.0 mol % Mn2+ in zinc pyrophosphate and used EPR as a probe to understand 

the mechanism for phase transition. This aspect was also supported by HTXRD and 

DSC.  

 Among the various hosts used as phosphor systems, phosphate based matrices offer a 

range of compositional and structural possibilities that facilitate the tailoring of 

chemical and physical properties of interest for specific technological applications. 

These hosts offer better homogeneity, chemical and thermal stability with lower 

sintering temperatures [41-44]. Pyrophosphates having general formula M2P2O7 

(M=Ca, Sr, Ba, Mg, Zn, Mn etc.) are one of the phosphate systems, which are 

reported to be excellent host materials [45, 46]. Special interest in pyrophosphate 

arises from the unique spectroscopic behavior of the metal cation polyhedra with 

well-defined and low symmetry coordination [47, 48]. Among these, the thortveitite-

type pyrophosphate α-Zn2P2O7 is a promising low temperature co-fired ceramic 

(LTCC) material [49]. In zinc pyrophosphate, there are two cationic sites in lattice, 

i.e., five-coordinated Zn2+ sites (square pyramidal coordination) and six-coordinated 

Zn2+ sites (octahedral coordination).  

Europium was used as a structural probe to understand the local environment. Based 

on the time resolved emission spectroscopic investigations (TRES), it was inferred 

that two different types of Eu3+ ions were present in the zinc pyrophosphate. The first 

type was a long lived species (~τ= 1.77 ms) present at relatively less symmetric ‘5-

coordinated Zn’ sites, while the second was a short lived species (~τ= 620 μs) present 
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at symmetric ‘6-coordinated Zn’ sites. This unusual behavior of the trivalent rare 

earth species could be explained with the help of Judd-Ofelt (J-O) calculations. From 

the calculations, the radiative (τR) and non radiative (τNR) life times were evaluated 

for both the species. The radiative life time of the Eu3+ species present in symmetric 

environment was found to be higher than that of the species present in asymmetric 

environment. This is consistent with the selection rules governing the transition. It 

was observed that, the presence of a very strong non-radiative component at the 

symmetric site brings down the overall lifetime value. It was found that for short lived 

species; Ω4>Ω2, while for the long lived species, the reverse trend was observed 

further confirming the correlation in between the asymmetry and bonding. Since 

effect of crystal field can be more prominently seen in transition metal than lanthanide 

ion; 2.0 mol% MnCO3 was doped in Zn2P2O7. It is very interesting to know that in 

Zn2P2O7, manganese was stabilized as both Mn (II) and Mn (IV). This has been 

validated using EPR and PL spectroscopy.   
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CHAPTER 1 
 
1.1. General Introduction 
 
Photonics broadly defined as the science and technology for understanding, 

controlling and exploiting the interaction of light and matter, furnishes enabling 

technologies for telecommunications, solar energy, lighting, displays, biotechnology, 

medical diagnostics, bio-imaging etc. Lanthanide ions hold a special place in 

photonics, because of their unique photophysical properties, especially with respect to 

the generation and amplification of light. The luminescence of trivalent lanthanide 

ions (Ln3+) has been and is being studied in several scientific domains, ranging from 

laser physics to molecular biology.  

Optical materials doped with rare earth elements are of great relevance in science and 

technology. Modern solid state optical technology is mainly based on lanthanide 

doped materials, with applications ranging from solid state lasers for industry, 

medicine and environmental monitoring, to active optical fibers for 

telecommunication purposes and phosphors for cathode ray tubes, displays, plasma 

monitors and lightning applications. From the scientific point of view, lanthanide 

doped materials attract increasing interest due to their particular physical properties. 

Indeed their electron configuration involving f-electrons and the exceptional time and 

space coherence properties led to the observation of new and fascinating phenomena. 

Among the materials evaluated as host for lanthanide ions in this work, our attention 

was mostly focused on alkaline earth silicate, zirconate and cerate. These materials 

are characterized by good transmission properties in the visible part of the 

electromagnetic spectrum and by relatively low phonon energies. They can be 

efficiently doped with lanthanide ions, due the similarity between the ionic radius of 

the alkaline earth and the lanthanide ions. Therefore these materials are prospective 

high efficiency luminophors and are attracting increasing interest for photonics and 

optoelectronics applications. Indeed alkaline earth silicate, zirconate and cerate are 

resistant to many chemicals and air exposure and can also be grown with low-cost 

techniques.  Few new oxide hosts were also tried to venture into novel lanthanide 

luminescent materials viz. Zn2P2O7, ThO2 and ZrO2.  

Luminescent dopants are extensively used as local probes for identifying local 

structures in crystalline material, understanding the effect of chemical and thermal 
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treatment on catalysts and probing the structure of biological molecules. In view of its 

non-degenerate emissive state, 5D0, Eu (III) ion is most appropriate as luminescent 

structural probe for the determination of the number of metal ion sites in a compound, 

their symmetry, and their respective population. Other lanthanide ions have transitions 

that are usually the mixtures of EDT and MDT and the effects of symmetry are less 

pronounced. 

 

1.2. Luminescence of trivalent lanthanide ion: 
 
 In the periodic table of elements, lanthanides are the group of atoms ranging from 

lanthanum (atomic number 57) to lutetium (atomic number 71) (see Figure 1.1). They 

are characterized by gradual filling of the 4f electron shell and are therefore called f- 

block elements. 

 

 
 

  Figure 1.1: The periodic table of elements. The lanthanides are highlighted in 
green. 
 

The different lanthanides have very similar chemical behaviour so that their properties 

can be discussed in a general way. Lanthanide ions are most frequently found in the 

trivalent (3+) oxidation state (see Table 1.1), although tetravalent (4+) cerium/terbium 

and divalent (2+) europium/ytterbium also occur. The f-orbitals are shielded by the 5s 

and 5p orbitals. Therefore, the f-electrons do not participate in chemical bonding so 

that the predominant interactions in lanthanide complexes are electrostatic ones. The 
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shielding of the spectroscopically active 4f-electrons by filled 5s and 5p orbitals 

results in distinct spectroscopic characteristics for the trivalent lanthanide ions. In 

contrast to the broad band’s observed for transition metal ions, the lanthanide f-f 

electronic transitions exhibit typically very narrow lines in the luminescence and 

absorption spectra. Since changes in the local environment of the lanthanide ion has a 

negligible influence on the 4f-electrons, coordination will only affect the fine 

structure of the absorption and emission bands, rather than result in major shifts in the 

peak position. Lanthanide ions can show emission in the near-UV, visible, near-

infrared and infrared spectral regions. Each lanthanide ions has a characteristic 

absorption and emission spectra.  

 

Table 1.1: Electronic configuration of lanthanide atoms and trivalent ions as well 
as the radii of the trivalent ions 
 

 
The luminescence properties of the trivalent rare earth or lanthanide cations in 

solution and in the solid state are characterized by narrow emission bands and 

relatively long luminescence lifetimes of upto milliseconds [1].  The characteristic 

shape of the bands is explained by the fact that the ground and excited states of these 

transitions have the same equilibrium geometry, since excitation only involves 

rearrangement of the electrons within f-orbitals. 
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Except for lanthanum (La3+) and lutetium (Lu3+), each lanthanide ion has its specific 

emission bands: for example, the lanthanide ions europium (Eu3+) and samarium 

(Sm3+) emit red light, terbium (Tb3+) green light, gadolinium (Gd3+) UV-light and 

neodymium (Nd3+), ytterbium (Yb3+), and erbium (Er3+) near-infrared light. These 

characteristics have led to the application of lanthanide ions as probes in 

fluoroimmunoassays (Eu3+
 and Tb3+) [2, 3], laser systems (e.g. Nd3+) [4], and optical 

amplifiers (Er3+
 and Pr3+) [5]. 

 

1.2.1. The 4f energy levels and selection rules 

The occurrence of different energy levels belonging to the same configuration is a 

result of several interactions within the ion. The energy levels of 4f orbitals are not 

degenerate, because of electronic repulsion, spin-orbit coupling, and (in a 

coordination environment) the ligand field (see Figure 1.2). The strongest interaction, 

the electronic repulsion between the electrons known as columbic interaction, disrupts 

the degeneracy of the 4f energy levels and yields terms with separations in the order 

of 104 cm-1. Each of these terms is split into several J-levels by spin-orbit coupling, 

which is relatively large (103 cm-1) in lanthanide ions, because of their heavy nuclei. 

Spin-orbit coupling is the interaction between the magnetic moments of the electrons 

due to their spin (spin angular momentum) and the magnetic moments due to their 

movement around the nucleus (orbital angular momentum). We have now arrived at 

the free ion levels that are described by the term symbols (2S+1)LJ. 2S+1 represent the 

total spin multiplicity, L the total orbital angular momentum and J the total angular 

momentum of the f electrons. When present in a coordinating environment, such as a 

crystal or an organic ligand, the individual J-levels are split up further by the electric 

field of the matrix, which is usually referred to as the crystal field. These splitting are 

usually small (102 cm-1) and, depending on the spectral resolution of the spectrometer, 

appear as fine structure on the individual bands. Often this fine structure is ignored, 

although it may be used to gather information about the symmetry of the coordination 

environment. 

The term symbol of the J-states is written as (2S+1)LJ according to the Russell-Saunders 

coupling scheme [6]. The spin multiplicity 2S+1, where S is the total spin-impulse 

momentum of the system gives the maximum of possible spin orientations and 

denotes the degeneracy of the J-states. The value of the total orbital angular 
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momentum L is represented by the symbols S (L=0), P (L=1), D (L=2), F (L=3), G 

(L=4) etc. The value of L is obtained by coupling the individual orbital angular 

momenta li: L = (l1+l2+…+li), (l1+l2+…+li-1),| (l1- l2-…-li)|. The total angular 

momentum J indicates the relative orientation of the spin and the orbital momenta: J = 

L+S, L+S-1, L+S-2…, |L-S|,. 

The energy levels of some of the trivalent lanthanide ions are depicted in Figure 1.3. 

 
  

Figure 1.2: Splitting of the 4f energy levels of Eu3+ as a result of electronic 
repulsion, spin-orbit coupling, and the ligand field 
 
In general the atomic spectra have to obey the following selection rules: 

• ΔS = 0, the overall spin is not allowed to change, because light does not affect the 
spin. 

• ΔL = 0, ±1, with Δl = ±1, the orbital angular momentum of an individual electron 
must change. 
 

• ΔJ = 0, ±1, but J = 0 to J = 0 is forbidden. 
 

• The parity selection rule, which forbids electric dipole transitions between levels with 
the same parity, examples are electronic transitions within the d-shell, within the f- 
shell, and between d and s shells. 
The absorption of light by an electron moving around a nucleus occurs thanks to 

operators linked to the nature of light: the odd-parity electric dipole (ED) operator, the 

even-parity magnetic dipole (MD) and electric quadrupole (EQ) operators. Not all 

transitions are permitted, since they have to obey selection rules. One of these is the 

so-called Laporte’s (or parity rule) requiring that for ED transitions, the sum of the 
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angular momenta of the electrons in the initial and final states must change by an odd 

integer. 

 
 

Figure 1.3: Energy diagram of the 4f levels responsible for the lanthanide 
luminescence [7]. 
 
Magnetic dipole transitions within the 4fn configuration, which obey the selection rule 

ΔJ = 0, ±1 are allowed (except for J = 0 to J = 0), but have low oscillator strengths. 

The electric dipole intra-4f transitions are in principle parity forbidden and those 

transitions that do not occur within the ground multiplets may also be spin-forbidden 

(ΔS≠0). However in an asymmetric environment, the electric dipole f-f transitions 

become weakly allowed (with oscillator strength of 10-6) by mixing of opposite parity 

wave functions (primarily the 5d wave functions) into the 4f wave functions. In other 

words the parity forbidden intra-4f transitions ‘steal’ some intensity from the allowed 

4f-5d transitions. The spin selection rule is relaxed by the fact that heavy atoms have 

large spin-orbit couplings. Because the oscillator strengths of these induced electric 

dipole transitions are in the same order of magnitude as those of magnetic dipole 

transitions, both transitions can be observed in lanthanide absorption and emission 

spectra. The forbidden character of intra-4f transitions causes them to have low 
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absorptivities, with absorption coefficients in the visible spectral range of less than 10 

M-1cm-1 and relatively long luminescence lifetimes (in the range of μs to ms) . 

For certain induced electric dipole transitions that have |ΔJ| < 2, |ΔL| < 2, and ΔS = 0, 

the intensities are much more sensitive to complexation than other transitions, and 

have been termed hypersensitive transitions. The intensities of these transitions may 

be up to 200 times larger than the corresponding transition in the hydrated ion, 

whereas the intensities of the other transitions are generally approximately the same. 

The other selection rules applying to S, L and J quantum numbers for f–f transitions 

between spectroscopic states are listed in Table 1.2. They are derived assuming that 

the wave functions of the 4f electrons are described by fn[SL]J functions (i.e. that 

Russell–Saunders spin–orbit coupling scheme is valid). 

 
Table 1.2: Selection rules for f–f transitions between spectroscopic levels [8] 
 
Operator Parity ΔS ΔL    ΔJ* 

ED Opposite 0 ≤6  ≤6 (2,4 6 if J or J’     =0) 

MD Same 0   0 0,  ±1 

EQ Same 0   0, ±1, 

±2 

0,  ±2 

   *  J=0 to J’=0  always 

forbidden 

   

 

The selection rules are derived under several hypotheses, which are not always 

completely fulfilled in reality (in particular 4f wavefunctions are not totally pure); so 

that the terms ‘‘forbidden’’ and ‘‘allowed’’ transitions cannot be taken too rigidly. A 

more correct wording would be that a forbidden transition has a low probability and 

an allowed transition a high probability of occurring. 

1.2.2. Radiative and Non-radiative transitions in lanthanide 

In the hypothetical free lanthanide ion, only magnetic dipole (MD) transitions are 

allowed. These are selected by the ΔJ = 0, ±1 (but J = 0→J = 0 is forbidden) rule. 

Their probability is relatively easily calculated [9] and practically independent of the 

surrounding matrix. One example of a purely MD transition is the 5D0→7F1 emission 

line of Eu3+. In a coordinating environment, electric dipole (ED) transitions are 
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induced, as the ligand field mixes odd parity configurations slightly into the [Xe] 4fn 

5d0 configuration.  

Most of the absorption and emission lines are such induced ED transitions. Some 

transitions acquire strength both by MD and ED schemes: the emission spectrum of 

Tb3+ is dominated by mixed ED/MD transitions. Since ED transitions in lanthanide 

ions are induced by the ligand field, their strengths (or probabilities) are quite 

sensitive to it. Strongly asymmetric or strongly interacting ligand fields lead to 

relatively intense ED transitions. The intensities of some ED transitions are extremely 

sensitive to coordinating environment, which means that they can be either 

completely absent or very intense, depending on the ligand field.  

The emission spectrum of the Eu3+
 ion is strongly influenced by the symmetry of the 

surroundings. The main emissions of this ion occur from the 5D0 to the 7F1 (J = 0-6) 

levels. The 5D0→7F1 transition is a pure magnetic dipole transition, which is   

practically independent of the symmetry of the surroundings and the strength can be 

calculated theoretically. The transitions to the 7F0, 3, 5 levels are forbidden both in 

magnetic and electric dipole schemes and are usually very weak in the emission 

spectrum. The remaining transitions to the 7F2, 4, 6 levels are pure electric dipole 

transitions and they are strongly dependent on the symmetry of the environment. In a 

crystal site with inversion symmetry, the electric dipole transitions are strictly 

forbidden and the 5D0→7F1 transition is usually the dominant emission line. In a site 

without inversion symmetry, the strength of the electric dipole transition is higher. 

The 5D0→7F2 transition is usually the strongest emission line in this case, because 

transitions with ΔJ = ±2 are hypersensitive to small deviations from inversion 

symmetry. The symmetry around the lanthanide ion can thus be obtained from the 

shape of the emission spectrum of the Eu3+
 ion. The other lanthanide ions have 

transitions that are usually mixtures of electric and magnetic dipole transitions and the 

effects of the symmetry are less pronounced. The symmetry also has an influence on 

the radiative lifetime of the 5D0   level. The radiative lifetime is the time for the 

luminescence to drop to 1/e in intensity in absence of quenching. In the case of Eu3+ 

ion without inversion symmetry, the rate of the forced electric dipole transition is 

higher than in the case of a Eu3+
 ion with inversion symmetry. This automatically 

means that the radiative lifetime of a Eu3+
 ion in a site with inversion symmetry is 

longer. Radiative lifetimes of lanthanide ions have been calculated with several 

methods, of which the Judd-Ofelt theory is the most popular [10]. In this theory, the 
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strength of the electric dipole transitions are calculated from the absorption spectrum 

and these strengths can be related to the radiative lifetime. Werts et al. have 

formulated an equation to calculate the radiative lifetime of the Eu3+
 ion from the 

shape of the emission spectrum (Equation 1.1) [11]. 

                                

(1.1) 

In this equation, the strength of the magnetic dipole transition (IMD) is compared to 

the intensity of the total spectrum (Itot). AMD, 0 is the spontaneous emission probability 

of the 5D0→7F1 transition in vacuo and n3 is a correction for the refractive index.  AMD, 

0 could be calculated and was found to be 14.65 s-1. 

Both MD and induced ED transitions of lanthanide ions are weak compared to the 

‘fully allowed’ transitions found in organic chromophores. In the case of 

luminescence, this gives rise to radiative lifetimes of the order of milliseconds, 

depending on the lanthanide ion and its matrix. This is 6 orders of magnitude as long 

as the radiative lifetimes of organic fluorophores. On the other hand, the absorption 

bands are also weak, typically resulting in extinction coefficients of the order of 1 M-1 

cm-1 with bandwidths less than 0.2 nm. This makes the long-lived photoluminescence 

of lanthanide ions difficult to excite. Figure 1.4 schematises the types of electronic 

transitions in lanthanide ions, both of radiative and non-radiative nature. If highly 

excited lanthanide ions could only decay radiatively, their emission spectra would 

become extremely rich in lines, since in principle radiative transitions between any 

two states can take place. Under favourable conditions, emission from ‘higher’ excited 

states is indeed observed. Such processes are the basis of upconversion (UC) [9], in 

which an already excited ion is excited into a higher lying luminescent state, 

converting two low-energy photons into one high-energy photon, and quantum cutting 

(QC) [12], in which a highly excited ion emits sequentially two photons. Both UC and 

QC have important technological implications. UC can convert a flux of near-infrared 

light into visible light, whereas QC offers the prospect of highly energy-efficient 

conversion of ultraviolet light into visible light. 

The excited states of lanthanide ions, however, do not decay solely by radiative 

processes. In glasses and crystals, the electronic excitation energy can be dissipated 

by vibrations of the surrounding matrix, a process known as multiphonon relaxation 
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(MPR) [13]. MPR is inversely proportional to number of vibrational quanta needed to 

bridge the gap between given energy level and the next lower one.  A similar process 

occurs also in complexes with organic ligands and is even of bigger importance in 

such systems, since in organic media, suitable high-energy vibrations are more 

common. The efficacy of matrix vibration mediated nonradiative relaxation is 

inversely proportional to the number of vibrational quanta that are needed to bridge 

the gap between a given energy level and the next-lower one. This energy gap law is a 

result of the overlap between the vibronic wavefunctions. A semi-quantitative 

treatment was given by Haas and Stein [14].  

The rate of phonon emission, ω, depends on the number of phonons emitted 
simultaneously to bridge the energy gap and is expressed by equation 1.2: 
 

           (1.2) 

  
Where, ΔE is the energy gap to the nearest lower level and hνmax is the maximum 

energy of phonons coupled to the emitting states. The phonon emission rate, ω, 

decreases rapidly with an increase in ΔE, so that the competitive light emission or 

radiative process becomes dominant. 

The nonradiative decay rate does not depend exclusively on the energy gap and the 

number of matrix vibrations that fit this gap. Multiphonon relaxation still involves 

electronic transitions in the ion without a change in parity. Weber [13] has pointed out 

that for this process also; selection rules apply, although these only affect a few 

transitions, such as 5D1→5D0 in Eu3+ (and Tb3+). Indeed even in organic media, weak 

luminescence from the ‘higher excited’ 5D1 state can be observed. As a result of 

vibration (or phonon)-mediated nonradiative (NR) decay, luminescence of a given 

lanthanide ion occurs mainly from one state, which is the state that has a large gap 

with the next lower lying level. More highly excited states are quickly deactivated to 

this state, since the higher states form a ‘ladder’ consisting of relatively small gaps 

that efficiently undergo multiphonon relaxation. Especially in organic media and in 

aqueous solution, where matrix vibrations of high energy are ubiquitous [15, 16] the 

emission of lanthanide ions stems (almost) exclusively from one level and therefore 

the number of emission lines is limited.  
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Figure 1.4: Electronic transitions in lanthanide ions: (a) absorption/excitation, 
(b) excited state absorption, (c) direct excitation into a higher excited state, (d) 
‘‘conventional’’ emission from the lowest luminescent state, (e) non-radiative 
relaxation, (f) radiative transition between excited states, (g) emission from a 
higher excited state 
 
In most cases, the decay of the lanthanide luminescent level is not controlled by the 

radiative rate constant, which is the rate constant of spontaneous emission, but by 

non-radiative processes. For lanthanide ions, the most important nonradiative 

processes are those that emerge from interaction of the lanthanide 4f electronic states 

with suitable vibrational modes of the environment. The luminescent trivalent rare 

earth cations can be classified into two groups: The first group of lanthanides consists 

of praseodymium, neodymium, holmium, erbium, thulium, and ytterbium, and this 

group exhibits only weak luminescence in the visible and/or the near-infrared region. 

The main reason for this is that the energy difference between the lowest luminescent 

state and the highest non-luminescent state is relatively small. This small energy gap 

makes the competing radiationless decay more likely to occur, i.e. vibronic quenching 

by high frequency oscillators. The second group of lanthanides consists of samarium, 

europium, terbium, and dysprosium, and exhibits strong luminescence. These 

lanthanide ions have large energy gaps between the lowest luminescent state and the 

highest non-luminescent state, and are therefore less sensitive towards vibronic 

quenching by high frequency oscillators. These energy gap considerations are known 

as the energy gap law theory. The lanthanide ions lanthanum, lutetium and 

gadolinium do not exhibit any luminescence. Because the 4f subshells are completely 

empty or completely filled in La3+
 and Lu3+ respectively, no intra-4f transitions are 
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possible. Luminescence is seldomly observed for Gd3+, because of the large energy 

gap between the ground and the first excited state. 

The measured lifetimes of luminescent species are generally shorter than the natural 

lifetimes, because non-radiative processes compete with the radiative decay. High 

frequency O-H and C-H vibrations in the local environment and the size of the energy 

gap between the excited and the ground state of the lanthanide ion, play an important 

role in removing energy non-radiatively from the lanthanide excited state [17,18]. The 

deactivation arises from a weak vibronic coupling between the f-electronic states of 

the lanthanide ions and the vibrational states of O-H and C-H. To provide an efficient 

deactivation route, the energy gap between the excited and the ground state of an 

excited lanthanide ion must be bridged by these vibrational states. According to the 

theory of the energy gap law [14] the smaller the harmonic number of vibrational 

quanta that is required to match the energy gap between the lowest luminescent state 

and the highest non-luminescent state of the lanthanide ion, the more effective the 

vibronic quenching will be. The harmonic number of vibrational quanta (ν) of several 

vibrations that is required to match the energy gap in Tb3+, Eu3+, Yb3+, Er3+, and Nd3+ 

are indicated in Figure 1.5. 

The Tb3+ ion, which has a large energy gap, is the least sensitive towards quenching 

by high frequency oscillators, and as a result has a higher luminescence quantum yield 

than for example, Eu3+. It can furthermore easily be seen from Figure 1.5 that the 

near-infrared luminescent lanthanide ions are more prone to quenching by vibrations 

in their environment than the visible emitting lanthanide ions. Indeed, the observed 

lifetimes of Eu3+ and Tb3+ complexes in solution are in the ms range, whereas the 

observed lifetimes of the near-infrared luminescent lanthanide complexes are in the μs 

range. It has been shown that by replacing the C-H bonds in the ligands by C-D bonds 

the luminescence lifetimes of the complexed lanthanide ions are increased [19, 20]. 
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Figure 1.5: Graphical representation of the number of vibrational quanta of four 
high frequency oscillators that is required to match the energy gap between the 
lowest luminescent state and the highest non-luminescent state of the lanthanide 
ion (the dashed line is merely a guide to the eye). 
 
1.2.3. Phosphor Design: Selection of dopant and hosts 

Phosphors are luminescent inorganic materials with preferably a homogeneous grain 

size, which is usually on the order of several micrometers. The grains can be smaller, 

in which case they may be called nanophosphors. Phosphors are luminescent, because 

of the presence of small amounts of activators. The stable luminescences of trivalent 

lanthanide ions make them attractive activators. In fluorescent lighting, phosphors 

convert ultraviolet radiation generated by mercury or Xe plasma into visible light. In 

cathode ray tubes, phosphors emit light upon electron bombardment. Most Ln (III) 

ions are luminescent, but some are more emissive than others. The emissive properties 

of a lanthanide ion are governed by the facility with which its excited state(s) can be 

populated and the non-radiative de-activation paths minimized. To meet the first 

requirement, sensitization via the surroundings of the ion is often used so that the 

overall quantum yield of a lanthanide-containing molecular edifice is given by 

equation 1.3 

                                                                                                     (1.3) 

Whereby  and  are the quantum yields resulting from indirect and direct 

excitation, respectively, while  represents the efficacy with which 

electromagnetic energy is transferred from the surroundings onto the metal ion. The 

intrinsic quantum yield  essentially depends on the energy gap between the lowest 
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lying excited (emissive) state of the metal ion and the highest sublevel of its ground 

multiplets. The smaller this gap, the easier is its closing by non-radiative deactivation 

processes, for instance through vibrations of bound ligands, particularly high energy 

vibrations such as O–H. 

With respect to the energy gap requirement, it is obvious that Eu (III), Gd (III), and 

Tb (III) are the best ions, with ΔE = 12 300 (5D0 → 7F6), 32 200 (6P7/2 → 8S7/2) and 14 

800 (5D4 → 7F0) cm-1, respectively. However, Gd (III) emits in the UV and it is not 

very useful as luminescent probe for bioanalyses, because its luminescence interferes 

with either emission or absorption processes in the organic part of the complex 

molecules. On the other hand, it can efficiently transfer energy onto Eu (III) upon 

vacuum-UV excitation, resulting in the emission of two red photons (the so-called 

quantum cutting or down-conversion effect) [12]; Gd (III) is therefore a potential 

phosphor component for mercury-free fluorescent lamps. The sizeable energy gap 

displayed by Eu (III) and Tb (III) explains why luminescent probes containing these 

ions have been so popular during the last decades. Nevertheless, development of dual 

luminescent time-resolved immunoassays has also stirred interest for Sm (III) (ΔE = 7 

400 cm-1, 4G5/2 → 6F11/2) or Dy (III) (7 850 cm-1, 4F9/2 → 6F3/2) [21, 22]. The other 

ions have all very low quantum yield in aqueous solutions and appear to be less useful 

with respect to similar applications. Pr (III) emits both in visible and NIR ranges [23] 

and is often a component of solid state optical materials, in view of its ability to 

generate up-conversion, which is blue emission from 3P0 upon two- or three-photon 

pumping of the 1G4 or 1D2 states [9]. Thulium is a blue emitter from its 3P0, 1D2, and 
1G4 levels and is used as such in electroluminescent devices [24]; it is the first Ln (III) 

ion for which up-conversion has been demonstrated [9]; several other ions (Nd(III), 

Dy(III), Ho(III), Er(III) present up-conversion processes as well. In addition, Nd(III), 

Ho(III), Er(III) and Yb(III) have special interest in that they emit in the NIR spectral 

range and are very useful in the design of lasers (especially Nd(III) with its line at 

1.06 mm) and of telecommunication devices [25].The telecommunication windows lie 

usually between 1 and 1.6 mm and Yb(III), which emits slightly under 1 mm is less 

useful than Pr(III) for instance (emitting at 1.33 mm); but it acts as an efficient 

sensitizer of Er(III) (emitting at 1.55 mm) [25]. Finally, the three ions Nd(III), Er(III) 

and Yb(III) (and partially Pr(III)) have recently gained in popularity, because 

technical developments facilitating the detection of weak NIR emission and 
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identification of efficient sensitizing groups. As a consequence of efficient light 

transmission of biological tissues in part of the NIR spectral range (0.9 to 1.5 mm 

approximately), lanthanide containing luminescent probes based on these ions are 

now being used for time-resolved imaging of these tissues; cancer detection is 

obviously a highly sought for application. Trivalent cerium emits a broad band 

spectrum in the range 370–410 nm due to the interconfigurational allowed 5d–4f 

transition. Table 1.3 gives some important emissions of lanthanide ions and their 

technological interest. Figure 1.6 shows some of these applications. 

 
Figure 1.6: Some of the phosphor applications 

 

Table 1.3: Important emission lines of some lanthanide ions. 

Ion Transition Wavelength 

(nm) 

Application 

Pr3+ 1G4→3H5 1300 Optical amplifier 

Nd3+ 4F3/2→4I11/2 1064 Solid state laser 

Eu3+ 5D0→7F2 615 Displays, Lighting
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Tb3+ 5D4→7F5 545 Lighting 

Dy3+ 6F11/2 + 6H9/2 → 
6H15/2 

1300 Optical amplifier 

Er3+ 4I13/2→4I15/2 1530 Optical amplifier 

Tm3+ 1G4→3H5 1480 Optical amplifier 

Yb3+ 2F5/2→2F7/2 980 Sensitizer 

 

In a sense, the host is regarded as the “home” of optically active ions. It is necessary 

to optimize the distribution of the activators and prevent rapid non-radiative processes 

from occurring. Since dopant ions in a solid host are impurities embedded in the host 

lattice, the host ions are substitutionally replaced by dopant ions. Therefore, the host 

lattice determines the distance between the dopant ions as well as their relative spatial 

position. The host materials generally require close lattice matches, and the valence of 

the host cation should be the same or similar to those of dopant ions in order to 

prevent the formation of crystal defects and lattice stresses arising from doping. 

Another consideration of selecting the host is the magnitude of phonon energy. It is 

believed that host materials with low phonon energies will minimize non-radiative 

relaxation losses and increase the overall metastable energy lifetime [26]. For display 

and LED applications, host materials (oxide, sulfide, Fluoride, etc.) must have a wide 

band-gap so as to allow full visible light transmission. Hence, hosts selected are 

usually insulators. Some semiconductors can also serve as hosts for optically active 

ions as long as the luminescent excited state does not overlap with the conduction 

band leading to luminescence quenching. Therefore, wide band-gap semiconductors, 

including GaN and ZnO have extensively been utilized as hosts for optical and 

electronic applications. Other general requirements for host materials include 

mechanical and chemical stability. To some extent, host materials have an influence 

on the optical and luminescent properties of metal-ion doped phosphors, depending 

upon the nature of the dopant ions. Emissions originating from 4f–4f transitions of 

lanthanide ions as well as 3d– 3d transitions of transition-metal ions are both parity 

forbidden. However when the dopant ion is placed in a non- centrosymmetric lattice, 

the parity selection rules are relaxed. Low-symmetry hosts exert a crystal field 
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containing more uneven components around the dopant ions. The perturbation caused 

by the odd-order terms of the crystal field forces the parity forbidden transitions to 

become allowed. In principle, the lower symmetry at the dopant ion site corresponds 

to higher transition probabilities. It should be emphasized that much attention has 

been paid on the development of multifunctional luminescent materials. Researchers 

are attempting to seek the potentials of metal-ion doped functional hosts as 

multifunctional systems, which combine light emission with other intrinsic properties 

of the host such as ferroelectricity, [27,28] magnetism [29] , piezoelectricity [30] and 

electro-optic properties [31].  

 

1.2.4. Lanthanide Photophyics: 

1.2.4.1. Absorption spectra 

Description of the interaction between photons (massless elemental particles of light) 

and matter considers the former behaving as waves comprised of two perpendicular 

fields, electric and magnetic, oscillating in time (henceforth the denomination of 

electromagnetic wave or radiation). When a photon is absorbed, its energy is 

transferred to an electron, which then may be “pushed” into an orbital with higher 

energy. The absorption is promoted by “operators” linked to the nature of light: the 

odd-parity electric dipole (ED) operator , the even-parity magnetic dipole (MD) 

operator and electric quadrupole (EQ) operator  operators: 

 ,         ,                (1.4) 

              (1.4) 

There are three types of electronic transitions involving lanthanide ions: sharp 

interconfigurational 4f–4f transitions, broader 4f–5d transitions, and broad charge-

transfer transitions (metal-to-ligand, MLCT or ligand-to-metal, LMCT). Not all 

transitions are permitted and the allowed ones are described by selection rules. 

Laporte’s parity selection rule implies that states with the same parity cannot be 

connected by electric dipole transitions; as a consequence f–f transitions are forbidden 

by the ED mechanism. However, when the lanthanide ion is under the influence of a 

ligand-field, non-centrosymmetric interactions allow the mixing of electronic states of 

opposite parity into the 4f wavefunctions, which somewhat relaxes the selection rules 

and the transition becomes partially allowed; it is called an induced (or forced) 



Chapter 1 

19 
 

electric dipole transition. Magnetic dipole transitions are allowed, but their intensity is 

weak; in 4f–4f spectra, however, they often have intensity of the same order of 

magnitude as induced electric dipole transitions. Quadrupolar transitions are also 

parity allowed, but they are much weaker than MD transitions so that they are usually 

not observed. Some induced ED transitions are highly sensitive to minute changes in 

the LnIII environment and are called hypersensitive or sometimes pseudo-quadrupolar 

transitions, because they apparently follow the selection rules of EQ transitions. A 

listing of such transitions (experimentally identified) is presented in Table 1.4; note 

that these transitions are not necessarily the most intense ones in the optical spectra.  

In addition to the parity selection rule, other rules are operative; for instance, on ΔS 

(spin selection rule, requiring no change of spin for all three mechanisms, ΔS = 0), 

ΔL, and ΔJ; they will be detailed below. The selection rules are derived under several 

hypotheses, which are not always completely fulfilled in reality (in particular 4f 

wavefunctions are not completely pure), so that the terms “forbidden” and “allowed” 

transitions are not accurate. In general, a forbidden transition has a low probability 

and an allowed transition a high probability of occurring. 

Table 1.4: Experimentally observed hypersensitive transitions for LnIII ions in 
optical spectra [5]. Energies/wavelengths are approximate 
 

 
aThe transition 4G5/2 ←4I9/2 overlaps with 2G7/2 ←4I9/2 
bNone identified positively, but the 5D4 → 7F5 transition shows sometimes ligand-
induced pseudo-hypersensitivity 
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A. Induced ED f–f Transitions: Judd–Ofelt Theory [32, 33] 

Judd–Ofelt (JO) theory has been established within the frame of the crystal-field 

concept and it provides a simple model for reproducing the intensities of f–f 

transitions both in solids and solutions. It only takes into account the 4fn electronic 

configuration, i.e. inter-configurational 4fn–4fn-15d1 interaction is neglected. On the 

other hand, spin–orbit coupling is treated within the frame of the intermediate 

coupling scheme. The dipole strength in esu2cm2 (=1036 debye2) of an induced ED f–f 

transition between states Ψ and Ψ’ is given by: 

2
2 ( )

2,4,6
' 'EDD e J U Jλ

λ
λ

ψ ψ
=

= Ω∑
                                                                          

(1.5) 

in which e is the electric charge of the electron, wavefunctions Ψ and Ψ’ are full 

intermediate-coupled functions fn[SL]J, U (λ)  are the irreducible tensor forms of the 

ED operator, and Ωλ  are the  phenomenological JO parameters, expressed in cm2. The 

bracketed expressions in (1.5) are dimensionless doubly-reduced matrix elements, 

which are tabulated (and insensitive to the metal–ion environment). Mathematical 

treatment of the parity mixing by the crystal-field perturbation leads to the selection 

rules for f–f transitions mentioned in Table 1.2.  

JO parameters are adjustable parameters and they are calculated from the absorption 

spectrum ε ( ). For an isotropic crystal or a solution, the experimental dipole strength 

is defined as: 

                               

(1.6)   
 
with XA being the fractional population of the initial state, while  is given by: 
 

                                                                                                 (1.7)  

 
The above equations assume that the absorption bands are symmetrical, i.e., either 
Gaussian or Lorentzian. If not, (1.6) has to be replaced with: 

                                  (1.8) 

Finally, (2J + 1) is the degeneracy of the initial state and the expression involving the 

refractive index n is known as Lorentz’s local-field correction. Calculations of 
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transition probabilities within the frame of JO theory are usually made assuming that 

all Stark sublevels within the ground level are equally populated and that the material 

under investigation is optically isotropic. The former hypothesis is only reasonable in 

some cases, e.g., when transitions initiate from non-degenerate states such as Eu (7F0). 

Otherwise, there is a Boltzmann distribution of the population among the crystal-field 

sublevels. The second assumption is not valid for uniaxial or biaxial crystals, but, of 

course, holds for solutions. The phenomenological JO parameters are determined 

from a fit of equation 1.5 to the experimental values defined by equation 1.6, using 

adequate matrix elements. The exact procedure is described in details in reference 

[33]. In the case of EuIII the procedure is quite simple, since Ω2, Ω4 and Ω6 can be 

directly extracted from the dipole strength of the 5D2←7F0, 5D4←7F0, and 5D6←7F0 

transitions, respectively. Extensive tabulations of JO parameters can be found in 

reference [32], while spectra for all LnIII ions are presented in reference [34]; molar 

absorption coefficients are, with a few exceptions, smaller than 10 M-1cm-1 and very 

often smaller than 1 or even 0.1 M-1cm-1. 

 
 
B. 4f-5d and CT transition 
 
The promotion of a 4f electron into the 5d sub-shell is parity allowed; the 

corresponding transitions are broader than f–f transitions and their energy depends 

largely on the metal environment, since the 5d orbitals are external and interact 

directly with the ligand orbitals. The 4f–5d transitions have high energies (Fig. 1.7) 

and only those of CeIII, PrIII, and TbIII are commonly observed. Figure 1.8 shows the 

crystal-field splitting of both the 4f1(2F5/2, 2F7/2) and 5d1(2D3/2, 2D5/2) electronic 

configurations of CeIII in D3h symmetry. In the spectrum displayed, the third transition 

to 2D5/2 is not observed, because it lies at too high energy. Conversely, the CeIII 

luminescence can be tuned from about 290 to 450 nm, depending on the matrix into 

which the metal ion is inserted, because of large crystal-field effects on the 5d1 

excited configuration. Charge-transfer transitions, both LMCT and MLCT, are 

allowed and have also high energies (Fig. 1.7), so that only the LMCT of EuIII and 

YbIII (possibly SmIII and TmIII) are commonly observed in ordinary solvents, contrary 

to d-transition metal ions for which this type of transition is widespread. This is 

sometimes not well understood; the literature features many wrong assignments to 

MLCT transitions made by analogy to d-metal complexes. 



Chapter 1 

22 
 

 
Figure 1.7: Energy of the 4f–5d transitions in LnIII:CaF2 (squares, [35]) and of 
the 2p (O)-4f LMCT transitions (triangles, [36]) 
 

 

 
Figure 1.8: Left: Absorption spectrum of [Ce(H2O)9]3+ and right: its assignment 
(D3h symmetry) 
 

1.2.4.2. Emission spectra 

With the exception of LaIII and LuIII, all LnIII ions are luminescent and their f–f 

emission lines cover the entire spectrum, from UV (GdIII) to visible (e.g., PrIII, SmIII, 

EuIII, TbIII, DyIII, TmIII) and near-infrared (NIR, e.g., PrIII, NdIII, HoIII, ErIII, YbIII) 

ranges. Some ions are fluorescent (ΔS = 0), others are phosphorescent (ΔS ≠ 0), and 

some are both. The f–f emission lines are sharp, because the rearrangement 
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consecutive to the promotion of an electron into a 4f orbital of higher energy does not 

perturb much the binding pattern in the molecules, since 4f orbitals do not participate 

much in this binding (the covalency of a LnIII–ligand bond is at most 5–7%). 

Therefore, the internuclear distances remain almost the same in the excited state, 

which generate narrow bands and very small Stokes’ shifts. A different situation is 

met in organic molecules for which excitation leads frequently to a lengthening of the 

chemical bonds, resulting in large Stokes’ shifts and since the coupling with 

vibrations is strong, in broad emission bands (Fig. 1.9). As for absorption, emission of 

light through f–f transitions is achieved by either electric dipole or magnetic dipole 

mechanisms, and the selection rules detailed in table 1.2 apply. 

 
Figure 1.9: Configurational coordinate diagram for emission from (left) an 
organic chromophore and (right) a lanthanide ion 
 

Important parameters characterizing the emission of light from a LnIII ion are the 

lifetime of the excited state  and the quantum yield Q. A general 

expression for the latter is simply 

                                                                                 (1.9) 

The quantum yield is related to the rate at which the excited level is depopulated kobs 

and to the radiative rate constant krad 

                                                                                             

(1.10) 

     Subscript and superscript “Ln” have been added to avoid confusion with the other 

definition of quantum yield discussed below. The quantity defined in (1.10) is called 
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the intrinsic quantum yield, that is, the quantum yield of the metal-centered 

luminescence upon direct excitation into the 4f levels. Its value reflects the extent of 

nonradiative deactivation processes occurring both in the inner- and outer-

coordination spheres of the metal ion. The rate constant kobs is the sum of the rates of 

the various deactivation processes: 

               

(1.11) 

Where krad
 and knr are the radiative and nonradiative rate constants, respectively; the 

superscript vibr points to vibration-induced processes, while pet refers to 

photoinduced electron transfer processes such as those generated by LMCT states, for 

instance; the rate constants k’ are associated with the remaining deactivation paths. In 

absence of nonradiative deactivation processes, kobs = krad
 and the quantum yield 

would be equal to 1, which is very rare. Examples are, in solid state and under 

excitation at 254 nm, Y2O3:Eu (5%) with Q = 0.99 and terbium benzoate with Q = 1 

[37]; in solution, a terbium complex with a dipyrazoylpyridine bearing 

aminocarboxylate coordinating groups was reported having Q = 0.95 [38]. 

Temperature-dependent vibrational deactivation processes can often be fitted to an 

Arrhenius-type of equation [39]: 

                                                                             (1.12) 

where k0 is the rate constant at 0 K (practically: at 4 K, or even at 77 K), which allows 

one to decipher the vibration responsible for it; examples are presented in references 

[40]. 

The intrinsic quantum yield essentially depends on the energy gap ΔE between the 

emissive state of the metal ion and the highest sublevel of its ground, or receiving 

multiplet. The smaller this gap, the easier is its closing by nonradiative deactivation 

processes; for instance, through vibrations of bound ligands, particularly those with 

high energy such as O–H, N–H, or C–H. With the assumption that the deactivating 

phonons involved have all the same energy hω, the temperature dependent rate 

constant kvibr(T) for the quenching of a single excited level is described by the 

following expression [41] 

                                 (1.13) 
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Where kB is Boltzmann’s constant (1.38* 10-23 J K -1 ~ 0.695 cm -1), i the number of 

phonons required to bridge the gap, and kvibr(0) the spontaneous rate at 0 K. The latter 

heavily depends on the order n of the process. In practice, the excited level possesses 

several crystal-field sublevels, the population of which is in thermal equilibrium. This 

equilibrium is reached in times short compared to the multiphonon decay time; but 

since phonon-induced decay rates are significantly slower for the upper levels in view 

of the larger energy gaps, depopulation of the lower crystal field sublevel is the major 

contribution to the deactivation process. A rule of thumb is that radiative de-excitation 

will compete efficiently with multi-phonon processes if the energy gap is more than 6 

quanta of the most energetic vibration present in the molecule. This type of 

nonradiative deactivation is especially detrimental to NIR luminescence because of 

closeness their energy levels as can be seen from Figure 1.3: for ErIII, for instance, a 

C–H vibrator located outside the inner coordination sphere at a distance between 20 

and 30 A ° from the emitting center induces a radiationless rate equal to the radiative 

one. Determination of the intrinsic quantum yield with (1.10) requires evaluation of 

the radiative lifetime, which is related to Einstein’s rates of spontaneous emission A 

from an initial state    characterized by a quantum number J, to a final 

state : 

          (1.14) 

where  is the average transition energy (in cm-1), h is the Planck constant (6.63 × 10-

27 erg s) and 2J+1 is the degeneracy of the initial state (1 for 5D0). DED and DMD are 

the electric and magnetic dipole strengths (in esu2 cm2), respectively. The factors 

containing medium’s refractive index n result from local field corrections, which 

convert the external electromagnetic field into an effective field at the location of the 

active center in the dielectric medium. DED is given by (1.5) and DMD by (1.15): 

                                                       (1.15) 

The bracketed matrix elements are tabulated and the radiative lifetime can, therefore, 

be extracted from the spectral intensity, i.e. from (1.5), (1.14), and (1.15). Except in 

few cases, this calculation is not trivial and large errors may occur, including those 

pertaining to the hypotheses made within JO theory. In particular, it has been assumed 

that the emitting and receiving levels are (2J + 1)-fold degenerate or if split by crystal 

field effects, that all the sublevels are equally populated. This is obviously not true 
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and in the case of ErIII this may lead to up to 20% errors. Even larger errors have been 

found for LnIII tris (dipicolinate) [42].  

On the other hand, if the absorption spectrum corresponding to an emission spectrum 

is known, which may be the case, when the luminescence transitions terminate onto 

the ground level, the radiative lifetime can be simply calculated from the following 

equation where NA is Avogadro’s number  

                                                (1.16) 

In the special case of EuIII for which one transition (5D0→7F1) has pure magnetic 

origin, a convenient simplified equation can be derived [11] as already mentioned in 

equation 1.1. 

                               

with AMD,0 being a constant equal to 14.65 s-1 and (Itot/IMD) the ratio of the total 

integrated emission from the Eu(5D0) level to the 7FJ manifold (J = 0–6) to the 

integrated intensity of the MD transition 5D0→7F1. Finally, there are two important 

points to be stressed here in order to correct many errors reported in the literature. 

Firstly, the radiative lifetime is characteristic of one emitting state. If several excited 

states of an LnIII ion emit light, then each of them will have a characteristic radiative 

lifetime. Moreover, the radiative lifetime is not a constant for a given ion and a given 

electronic level. Indeed, there is a dependence on the refractive index, as clearly 

shown in (1.14), so that transposition of a literature value to a specific compound 

cannot be made directly. 

 

1.2.5. Information gained from lanthanide luminescence: Structural 

probing 

Any luminescent lanthanide ion may act as a probe, but some ions bring more 

information (e.g. EuIII), or are more luminescent (e.g. TbIII) than others, which 

explains their preferential use. The following section will mainly deal with EuIII. 

Generally speaking a lanthanide luminescent tag functions either as a structural probe 

deciphering the symmetry of the chemical environment and, partly, the composition 

of the inner coordination sphere, or as simple analytical (bio)marker, the switching on 

(or off) or the modulation of its luminescence representing the analytical signal. In 
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view of its non-degenerate emissive state 5D0, the EuIII ion is most appropriate as 

luminescent structural probe for the determination of the number of metal ion sites in 

a compound, their symmetry, and their respective population.  

 

1.2.5.1. Number of Metal Ion Sites: N  

High resolution of the Eu (5D0→7F0) transition, which is unique for a given chemical 

environment associated with spectral decomposition with Lorentzian–Gaussian shape 

functions [43,44] gives a direct access to N. Experimentally, laser-excited excitation 

spectra of the 5D0-7F0 transition yield more sensitive results. It is best detected in 

excitation mode by analyzing the emission of the hypersensitive transition 5D0 →7F2, 

since both the emitting and end states are non-degenerate, its number of components 

indicates the number of different metal–ion sites. 

 

1.2.5.2. Composition of the first coordination sphere  

The energy of the 5D0→7F0 transition at 298 K,    in cm-1, is correlated with the 

nephelauxetic effect δi generated by each coordinated group [45]: 

                                                                  
(1.17) with CCN being a constant depending on the coordination number and ni the 

number of a given type of bound atom. This phenomenological equation is helpful but 

one has to realize that δi strongly depends on the Eu–L distance; so that the 

relationship does not always yield satisfying results, if distances are not standard. 

Moreover only a limited number of δi parameters have been worked out. 

 

1.2.5.3. Population analysis 

When several LnIII sites are present, their relative populations Pi can be determined by 

analysis of the multi-exponential luminescence decay  

                                         (1.18) 

In these cases, an average lifetime can be defined: 

                                                                           (1.19) 

While recording the decay, one has to make sure that (1) there is no artefact at the 

beginning of the decay (remaining light from the light pulse), (2) the decay is 
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recorded during at least 5–6 lifetimes, (3) the signal at the end goes back to the 

background value, and (4) the decay is defined by a sufficient number of data points. 

Even if experimental data are of high quality, it is difficult to determine populations 

smaller than 5 % and to decompose decays with more than 2 or 3 exponential 

functions or when the two lifetimes are either very different or quite similar. The 

example given on Fig. 1.10 illustrates a bi-exponential analysis of Eu (5D0) decay. 

 
Fig 1.10: Luminescence decay for an EuIII sample with its bi-exponential 
analysis; straight lines correspond to the two decay rates and the red line is the 
calculated fit 
 

Alternatively since the intensity of the MD transition 5D0 →7F1 for EuIII is 

independent of the metal–ion environment, a spectral decomposition of the transition 

recorded under broad band excitation into its components measured under selective 

laser excitation, followed by integration yields the population Pi of each site [46]. 

 

1.2.5.4. Site symmetry 

This aspect is related to the Stark splitting of the levels described in Table 1.5. Again 

here, EuIII luminescence is the easiest to analyze given the non-degeneracy of the 

emissive 5D0 level. When allied to high-resolution selective laser excitation of 

components of the 5D0 →7F0 transition, symmetry of multi-site molecules and 

materials can be worked out easily, based on group-theoretical considerations [46, 

47]. Such detailed analyses are not discussed here. On the other hand, the Eu(5D0 

→7F1) transition represents an interesting case. A simple examination of its splitting 
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tells immediately at which crystal system the compound belongs: cubic if only 1 

component is seen, axial (i.e., hexagonal, tetragonal, or trigonal, labeled A and E in 

group-theoretical notation) if there are two components and low symmetry if the 

maximum splitting of three appears. For truly low-symmetry species, the three 

components are equally spaced and tend to have the same intensity. However, when 

the coordination sphere is close to an idealized higher symmetry, the splitting is 

unsymmetrical. In this case, three important pieces of information can be extracted for 

symmetries close to axial symmetry: (1) the sign of the   crystal-field parameter, 

which depends on the relative energetic position of the A and E sublevels of 7F1, (2) 

its value thanks to a phenomenological relationship between ΔE(A–E) and this 

parameter [48], and (3) the extent of the deviation from the idealized symmetry given 

by the splitting of the E sublevel. In the example depicted in Fig. 1.11, the crystal 

field parameter has a value of ca-600 cm-1 and the coordination polyhedron EuN6O3 

appears to be only slightly distorted from the idealized D3h symmetry with ΔE(A–E) 

equal to 31 cm-1. 

Table 1.5: Number of stark sub-levels versus the value of quantum number J 
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Figure 1.11: Left: Ligand-field splitting of the Eu (7F1) sublevel and sign of the  
parameter. Right: High resolution 5D0 →7F1 spectra [49]. 
 
1.2.5.5. Strength of Ln-L bond  

The intensity of vibronic satellites, which are particularly intense, when associated 

with hypersensitive transitions, is proportional to the ligand-to-metal bond strength 

and constitutes a useful measure of the latter [50]. For instance, Eu(5D0 →7F2); in 

addition, the 7F2 level corresponds to an energy range (1,000–1,500 cm-1), in which 

the density of phonon states is usually large. 

 

1.2.5.6. Solvation state of LnIII ion 

Lanthanide luminescence is very sensitive to the quenching by high-energy 

vibrations, particularly O–H as explained in earlier section. This quenching can be 

turned into an advantage for calculating the number q of inner-sphere bonded water 

molecules by measuring the lifetime in both water and deuterated water. Provided that 

the O–H quenching is the main non-radiative process operating (i.e. in absence of 

other temperature-dependent processes such as photo-induced electron transfer or 

back transfer), phenomenological equations can be worked out: 

         (1.20) 

where A, B, and C are phenomenological Ln-depending (and sometimes ligand 

depending) parameters determined using series of compounds with known hydration 

numbers. Parameter A describes the inner-sphere contribution to the quenching, 

parameter C the outer-sphere contribution of closely diffusing solvent molecules, 

while the corrective factor B, which has the same units as k, accounts for the presence 

of other deactivating vibrations (C-H, N-H etc). 
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1.2.5.7. Donor-Acceptor distances 

Distances between two metal-ion sites or between a chromophore and an ion, RDA, 

may be determined by measuring the lifetimes of the donor (D) in presence (τobs) and 

in absence (τ0) of the acceptor (A): 

                                                                                       (1.21)       

Assuming Forster’s dipole–dipole mechanism of transfer, the efficiency of the latter is 
given by: 
 

                                                                                        (1.22)  

R0 being the D–A distance, for which the quantum yield is 50%; this parameter 

depends on the nature of the D–A pair involved. 

 

1.3. Luminescence Quenching: 
Quenching refers to any process which decreases the fluorescence intensity of a given 

substance. A variety of processes can result in quenching, such as excited state 

reactions, energy transfer, complex-formation and collisional quenching. As a 

consequence, quenching is often heavily dependent on pressure and temperature. 

Quenching processes broadly involves two processes – electron transfer or energy 

transfer. In both cases, the excited state energy of the luminophore (the luminescent 

species) is deactivated due to the presence of the quencher. There are two scenarios 

by which, quenching are generally modelled: Dynamic (collisional) and static.  

Dynamic quenching results from collisions between excited state and quencher. In 

this case, the excited fluorophores experience contact with an atom or molecule that 

can facilitate non-radiative transitions to the ground state. Common quenchers include 

O2, I-, Cs+ and acrylamide. 

In the simplest case of collisional quenching, the following relation, called the Stern-

Volmer equation, holds: 

                                                                                   

(1.23) 

where F0 and F are the fluorescence intensities observed in the absence and presence, 

respectively, of quencher, [Q] is the quencher concentration and KSV is the Stern-

Volmer quenching constant. Thus, a plot of F0/F versus [Q] should yield a straight 
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line with a slope equal to KSV. Such a plot, known as a Stern-Volmer plot (Fig. 1.12), 

is shown below for the case of fluorescein quenched by iodide ion (I-). 

 
Figure 1.12: Stern Volmer plot in case of dynamic quenching [51]. 

KSV= kqτ0 where kq is the bimolecular quenching rate constant (proportional to the 

sum of the diffusion coefficients for fluorophore and quencher) and τ0 is the excited 

state lifetime in the absence of quencher. Collisional quenching also shortens the 

lifetime of fluorophore as can be seen from Figure 1.13. For purely collisional 

quenching, also known as dynamic quenching: 

                                                                           

(1.24) 

  
Figure 1.13: Effect of collisional quenching on lifetime of fluorophore [51] 

In some cases, the fluorophore can form a stable complex with another molecule. If 

this ground-state is non-fluorescent, then we say that the fluorophore has been 
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statically quenched. In such a case, the dependence of the fluorescence as a function 

of the quencher concentration follows the relation: 

                                                                                     (1.25) 

where Ka is the association constant of the complex. Even in this case, plot of F0/F 

versus [Q] should yield a straight line with a slope equal to Ka. Figure 1.14 pictorially 

represents static quenching phenomenon. Static quenching only affects the complexed 

fluorophores. The properties of the uncomplexed fluorophores are not changed. 

 
Figure 1.14: Schematic of static quenching [51] 

The question that immediately arises now is that if plots of emission intensity against 

quencher concentration both produce straight line graphs, how do we know which 

type of quenching is occurring? The answer lies in the nature of each type of 

quenching. For dynamic quenching as can be seen from Figure 1.15, all luminophores 

are affected by the quenching process, as it is probable that they will all collide with a 

quencher during their excited state lifetime; so both emission intensity and lifetime 

reduced on increasing quencher concentration. For static quenching by association as 

can be seen from Figure 1.15, only luminophore-quencher associations result in 

reduction in emission; unassociated luminophores are free to luminesce as if there was 

no quencher present. Increasing quencher concentration affects emission intensity, 

because there are more associations, but not emission lifetime, as the unassociated 

luminophores can emit in the absence of quencher. (Note that these two scenarios are 

the extremes, and there are cases where a mixture of both static and dynamic 

quenching may occur simultaneously.) Therefore the diagnostic test for assigning 

whether a quenching mechanism is dynamic or static is to compare how the emission 

intensity and emission lifetime change as a function of increasing concentration as can 

be seen from Figure 1.16. In the case of dynamic quenching, plots of relative emission 

intensities and emission lifetimes will be the same, changing on increasing quencher 
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concentration. For static quenching, only a plot of relative emission intensity will 

change, the emission lifetime plot will have slope close to zero. 

                    

 
Figure 1.15: Schematic of dynamic versus static (association) quenching [52] 

 
Figure 1.16: Model diagnostic plots to distinguish between dynamic and static 

quenching [52] 

If both static and dynamic quenching occur in the sample, the following relation 

holds: 

                                                 (1.26) 
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In such a case, then a plot of F0/F versus [Q] will give an upward curving plot as can 

be seen from Figure 1.17. The upward curvature occurs because of the [Q]2 term in 

the equation. 

 
Figure 1.17: Stern Volmer plot in case of when both dynamic and static 

quenching occur simultaneously [51]. 

1.3.1. Multiphonon Emission 

Non-radiative processes can also play an important role. The energy of the excited 

state can be taken up by the surroundings in the form of vibrational energy, often 

referred to as phonon emission. The effectiveness of this process depends on the 

availability of high-energy vibrations in the surroundings and the energy difference 

between the energy levels of the lanthanide ion. The fundamental vibrations of the 

chemical bonds in the surroundings and the energy of the vibration are determined by 

the reduced mass of a bond. Especially bonds with hydrogen have a small reduced-

mass and therefore high vibrational energies. These bonds are therefore able to take 

up large amounts of energy and effectively quench lanthanide ions with large 

separations between the energy levels. The visible emitting ions Eu3+ and Tb3+ have 

large gaps between the emissive 5D0 and 5D4 level of 12,000 and 15,000 cm-1, 

respectively; but still these ions and especially Eu3+ are quenched substantially, when 

the ions are dissolved in water (vibrational energy: υmax 3500 cm-1). The quenching 

efficiency is strongly dependent on the number of vibrational quanta that are needed 

to bridge the gap between the lowest emitting level and the highest non-emitting level 

of the lanthanide ion. The intensity of the vibronic transition is dependent on the 

square overlap integral (Franck-Condon factor) of the initial and final vibrational 
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states and this overlap decreases rapidly as the number of vibrational quanta increases 

[53]. This is summarized in the theory of the energy gap law [14]. The observation of 

luminescence of a lanthanide ion in solvents with high vibrational energies (water) is 

dependent on the energy difference between the lowest radiative level and the highest 

non-radiative level. For example, Tb3+ in water shows reasonable luminescence but 

Eu3+ luminescence is almost completely quenched. The Eu3+ ion is quenched by 

energy transfer to the 4th overtone of the OH bonds, while the Tb3+ ion is quenched 

by energy transfer to the 5th overtone of the OH bond. Another important factor 

governing the efficiency of quenching is the distance between the lanthanide ion and 

the quencher group.  

There are a few distinct mechanisms by which energy can be transferred 

nonradiatively (without absorption or emission of photons) between the lanthanide ion 

(donor) and the quenching site (acceptor). Non-radiative energy transfer has been 

observed and treated theoretically by Forster [54] and was developed by Dexter [55]. 

Forster developed a theory for the rate of energy transfer by electric dipole-dipole 

interaction [54], which was later extended by Dexter to involve the higher multipole 

interactions [55]. Dexter also created a model for the short donor-acceptor distance 

based on the exchange interaction [55]. Inokuti and Hirayama [56] developed 

numerical methods on energy transfer that can be used to determine the mechanism 

responsible for energy transfer.  

The non-radiative transfer of an electronic excitation from a donor to an acceptor is 

represented by 

D*+A→D+A*  

Where D and A represent the ground states of donor and acceptor respectively, while 

D* and A* represents the excite state (see Figure 1.17). 

 
Figure 1.18: Illustration of energy transfer phenomenon. 
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The process consists of the following steps [57]: 

• Absorption of the excitation energy by the donor center D 

• Relaxation of the lattice about the donor 

• Transfer of energy from donor center D to the acceptor center A 

• Relaxation of the lattice about the acceptor 

• Emission of luminescence by the acceptor center A 

Figure 1.18 illustrates these steps [58]. 

 
Figure 1.19: Coupled transitions between donor emission and acceptor 
absorbance in fluorescence resonance energy transfer. The coupled transitions 
are drawn with dashed lines. The phenomenon of energy transfer is illustrated 
by a blue arrow [58]. 
 

Förster resonance energy transfer (FRET or FET) is a dynamic quenching mechanism 

because energy transfer occurs, while the donor is in the excited state. FRET is based 

on classical dipole–dipole interactions between the transition dipoles of the donor and 

acceptor and is extremely dependent on the donor–acceptor distance, R, falling off at 

a rate of 1/R6. FRET also depends on the donor–acceptor spectral overlap (see Figure 

1.19) and the relative orientation of the donor and acceptor transition dipole moments. 

FRET can typically occur over distances up to 100 Å. Dexter (also known as 

exchange or collisional energy transfer) is another dynamic quenching mechanism. 
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Dexter energy transfer is a short-range phenomenon that falls off exponentially with 

distance (proportional to e−R) and depends on spatial overlap of donor and quencher 

molecular orbitals. In most donor-fluorophore–quencher-acceptor situations, the 

Förster mechanism is more important than the Dexter mechanism. With both Förster 

and Dexter energy transfer, the shapes of the absorption and fluorescence spectra of 

the Ln3+ are unchanged. In Forster’s model, energy is transferred from the donor D to 

the acceptor A by multipole interactions, while in Dexter’s model energy transfer 

occurs by quantum-mechanical exchange of the excited electron between D and A. 

Although the nature of the two models is different, both of them require overlap 

between the emission spectrum of the donor and the excitation spectrum of the 

acceptor. Figure 1.20 represents spectral overlap between the donor (Ln3+) emission 

spectrum and the acceptor (Quencher) absorption spectrum. 

 
Figure 1.20: Donor emission and quencher absorption spectral overlap [59]. 

 

Schematic diagram for Forster’s and Dexter’s models of energy transfer is illustrated 

in Figure 1.21 [60]. Singlet-singlet energy transfer can happen via Forster’s model. 

However, the multipole interaction will not involve the triplet-triplet energy transfer, 

because that violates the Wigner spin conservation law, which states that the 

exchange mechanism (Dexter’s model) is based on the Wigner spin conservation rule; 
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thus the spin-allowed process could be either singlet-singlet energy transfer or triplet-

triplet energy transfer.  

 
Figure 1.21: Schematic diagram for Forster and Dexter energy transfer [60]. 

 

1.3.2. Energy transfer between lanthanide ions 

Another factor in the quenching of lanthanide ions is the interaction between the 

lanthanide ions, of the same or different type. Two different lanthanide ions can 

transfer energy, when they have similar separations between the energy levels. The 

small mismatch in energy can be compensated for by the emission or uptake of a 

phonon. Energy transfer of one lanthanide ion can be used to enhance luminescence 

of the other lanthanide ion. For example, the lanthanide couple Yb3+-Er3+, where the 

Yb3+ ion is excited at 980 nm and then transfers its energy to the Er3+ ion. The 

advantage of co-doping with Yb3+ is that the Yb3+ ions have a much higher absorption 

cross-section at 980 nm [61]. The optical gain of an amplifier co-doped with both 

these ions can be increased compared to an amplifier with only Er3+ ions [62]. 

Another example is the Tm3+-Ho3+ couple, where Tm3+ is used as the sensitizer and 

Ho3+ as the emitter around 2 μm. The Tm3+ ion has an absorption peak around 790 
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nm, a wavelength where a lot of cheap semiconductor pump lasers are available. 

Pumping at this wavelength leads to an excited Tm3+ ion in the 3H4 level, which self-

quenches to the 3F4 level producing two Tm3+ ions excited in the 3F4 level. Energy 

transfer from the 3F4 level of Tm3+ to the 5I7 level of Ho3+ could theoretically lead to 

two excited Ho3+ ions per absorbed photon [63].The same energy transfer process 

could also be used to enhance laser action of Tm3+ around 1480 nm [64]. Pumping of 

the Tm3+ ion into the 3H4 level can lead to Tm3+ emission at 1480 nm by radiative 

decay to the 3F4 level. If this 3F4 level is relatively long lived, which is the case in 

some host materials, it is difficult to create a population inversion between the 3H4 

and 3F4 level. Co-doping with Ho3+ leads to a fast depopulation of the 3F4 level 

making population inversion possible. 

 

1.3.3. Cross Relaxation 

In a cross-relaxation process, two ions that are closely together interact and exchange 

energy. Examples of these processes are given in Figure 1.22 for Eu3+ and Pr3+. A 

Eu3+ ion in the 5D1 excited state can transfer its energy to a neighboring Eu3+ ion 

promoting it to the 7F3 level. This leads to one ion in the 5D0 excited state and one in 

the 7F3 level. In the case of Pr3+, the 3P0 level can be quenched by cross-relaxation 

leading to an ion in the 3H6 and an ion in the 1D2 level. The 1D2 level can be quenched 

again by cross-relaxation leading to an ion in the 1G4 state and an ion in the 3F3 level. 

Energy migration is another form of cross-relaxation between two ions of the same 

sort. The excited state energy levels of two identical ions are resonant, so the energy 

can be transferred to the neighboring ion by cross-relaxation and travel through the 

material hopping from one ion to the other. An increase in the doping concentration 

leads to a faster energy migration through the material, making the chance of meeting 

a quenching site higher. For reasons of cross-relaxation and energy migration, high 

doping concentrations often lead to a decrease in luminescence intensity and 

luminescence lifetime. 
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Figure 1.22: Cross-relaxation processes in Eu3+ and Pr3+. 

 

1.4. Lanthanide doped nanoparticles: 
1.4.1 Significance of Lanthanide doped nanoparticles 
Research and development of nanoscale luminescent and laser materials are part of 

the rapidly advancing nanoscience and nanotechnology. Because of unique 

spectroscopic properties and luminescent dynamics of f -electron states, doping 

luminescent rare earth ions into nano-hosts has been demonstrated as an optimistic 

approach to develop highly efficient and stable nanophosphors for various 

applications. Luminescence- or fluorescence-based technologies have been widely 

utilized in various areas such as solid state lighting, displays, illuminations, optical 

communications, biological detection, diagnosis, medical imaging, radiation 

detection, homeland security, forensic tracking, equipment control, safety and alarm 

systems, pressure measurement, temperature sensing and dark matter exploration. 

Luminescence is a ubiquitous phenomenon, which can be seen day in and day out. 

Our life would not be so beautiful and our society would not be so safe without 

luminescence. The emerging field of nanotechnology has become an important area in 

science and technology. Nanotechnology is a major factor in the advancement of 

luminescence technology—it makes luminescence much brighter and enables 

luminescence for some special applications. Of the numerous publications and reports 

on nanomaterials, half are related to luminescence in one way or another. More than 
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half of nanoscale materials exhibit intense luminescence— these include 

semiconductor nanoparticles or quantum dots, organic nanoparticles, metallic 

nanoparticles, doped nanoparticles, carbon nanotubes, and insulator nanoparticles. 

Quantum size confinement results in brighter luminescence and easy tunability of the 

emission color of semiconductor nanoparticles. Along with other advantages, such as 

small size, water-solubility, good photo-stability, narrow emission bandwidth, and 

surface functionalities—luminescence nanomaterials have tremendous potential for 

practical applications. One special application is for biological in vivo detection, 

because the nanoscale size makes it possible for nanoparticles to penetrate into deep 

into tissue and even into the cellular nucleus. Quantum size confinement can not only 

modify the energy structure and luminescence behaviors of pure semiconductor 

nanoparticles, but also affect the energy structure and physical properties of doped 

nanomaterials. ZnS: Eu2+ is a good example of how quantum size confinement affects 

doped nanomaterials can result in applications such as a new type of solid-state source 

for lighting. No luminescence from Eu2+ could be seen in bulk ZnS, while strong 

green emission can be observed from Eu2+ in ZnS nanoparticles as a result of quantum 

size confinement. There are many other examples of using the quantum size effect to 

modify and enhance luminescence materials. Bulk luminescence materials or 

phosphors are employed in a broad range of applications such as cathode ray tubes, 

projection television screens, fluorescent tubes, X-ray detectors, and biomedical 

probes. However, luminescence based on bulk materials offer extremely limited 

opportunities for further reduction in size, complexity, and power consumption.  

Fortunately, due to the physics of quantum size confinement, nanoscale phosphors 

provide an avenue for further advancing solid-state luminescence. Compared to bulk 

materials, nanoparticles exhibit greater electron–hole overlap, thereby yielding greater 

oscillator strength and enhanced luminescence quantum efficiency. Improved 

oscillator strength is important because a phosphor’s emission decay lifetime is 

inversely proportional to its oscillator strength and typically shortens as particle size 

decreases. Similarly, by overcoming the inherent loss of luminescence efficiency 

normally associated with smaller size materials, luminescence nanoparticles hold the 

promise of practical phosphors that are considerably smaller than what can be 

achieved currently. One interesting phenomenon of optically excitable nanoparticles 

is upconversion luminescence, in which the energy of the emitted photon is higher 

than that of the excitation photon. Upconversion luminescence is being investigated 
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extensively in doped nanoparticles and may find applications in optical storage, 

radiation detection, infrared detection, and dosimetry. Upconversion nanoparticles are 

particularly promising for biological imaging, because auto-fluorescence can be 

overcome and higher imaging resolution can be obtained. Rare earth-doped insulator 

nanoparticles such as Y2O3:Eu3+ and LaPO4:Tb3+ represent a new type of high 

efficiency luminescence material. Quantum size confinement is not as critical for 

insulator nanoparticles as it is for semiconductor nanoparticles; however, because of 

their large surface-to-volume ratios, insulator nanoparticles exhibit some novel 

properties that make them suitable for numerous useful applications. For example, as 

phosphors, nanoparticle insulators are more efficient and produce less light-scattering 

than microsized particles. Also, as biological labelling agents, insulator nanoparticles 

are much less toxic than semiconductor nanoparticles [65]. Most recently, doped 

luminescence nanoparticles have been proposed for biological activation. The strong 

scintillation luminescence of doped nanoparticles has been investigated as a light 

source for photodynamic activation to enable photodynamic therapy for deep cancer 

treatment. RE-doped nanoparticles have been suggested as a promising new class of 

fluorescent probes. In comparison to organic dyes and semiconductor quantum dots, 

RE-doped nanocrystals show superior chemical and optical properties, including low 

toxicity, large effective Stokes shifts, sharp emissions, long fluorescence lifetimes, 

and high resistance to photobleaching [66]. In addition, these nanoparticles can enable 

time-resolved fluorescence imaging for quantitative detection of antigens as well as 

tissue-specific transcripts and genes. More importantly, the RE nanoparticles have the 

potential to be used for non-invasive, non-destructive, and real-time in vivo diagnosis 

of various diseases, including atherosclerotic plaques, which can lead to stroke and 

heart disease [67].  

1.4.2 Difference in Luminescent properties of Lanthanide doped 
nanoparticles w.r.t bulk 
1.4.2.1. Excitation and emission spectra 

Nanoparticles due to an enlarged surface area and small domain of the crystal itself, 

different properties compared to the bulk materials are observed. First of all, the 

emission lines in nanocrystalline materials show extra inhomogeneous broadening 

[68]. Not all crystal sites are the same, especially due to the enormous increase in 

surface sites compared to bulk sites. The increase in surface area was found to be an 

advantage for Y2O3: Eu nanoparticles excited with cathode rays [69]. The synthesized 
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nanocrystalline materials have a much better surface termination than the powdered 

bulk material leading to higher luminescence efficiency. A blue shift in the peak 

emission wavelength with decreasing particle size was also reported for Y2O3 

nanoparticles doped with Eu3+ [70]. Y2O2S nanoparticles doped with Er3+ showed a 

population of the energy levels that was only observed in nanocrystalline materials 

and not in the bulk [71]. Laser excitation of the Er3+ ions in nanocrystals at a 

temperature below 7 K, led to a saturation of the levels just above the ground state. 

Figure 1.23 shows a schematic and simplified excitation spectrum of Er3+ emission in 

bulk and nanocrystalline Y2O2S at 2.6 K. 

 
Figure 1.23: Schematic excitation spectrum of Y2O2S: Er nanoparticles and bulk 

Y2O2S: Er at 7 K [71]. 

 

The excitation spectrum of the bulk material only shows a single line at 20,333 cm-1 

from the absorption of the lowest level of the ground state to level a of the excited 

state. In the nanocrystals absorptions from level 2, 3, 4, and 5 were also observed in 

the excitation spectrum of the Er3+ emission. At low temperatures, the levels just 

above the ground state become populated, because after excitation the ion does not 

fully decay to the ground state. The explanation given for this behavior is the absence 

of the very small phonon energies in nanocrystals, because of the “ending” character 

of the crystal domain. The vibrational modes in a nanocrystal become discrete and are 

no longer band-like as in bulk materials. In bulk materials, the higher levels of the 

ground state decay very rapidly to the lowest level even at low temperatures. A 
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similar effect was found for Eu2O3 nanoparticles [72]. A lot of energy transfer 

processes rely on the matching of the energy levels by the uptake or emission of low 

energy phonons. The absence of low energy phonons can have a significant effect on 

efficiency of energy transfer processes in nanoparticles [73].  

 

1.4.2.2. Symmetry of the lanthanide site 

The symmetry of the lanthanide site can also be changed in nanocrystalline materials 

[74].  Decreasing the size of YBO3: Eu nanoparticles leads to an increase of the 
5D0→7F2 emission peak compared to the other emission lines indicating that the 

symmetry around the Eu3+
 ion is lowered. A similar effect was found for 14 nm sized 

YVO4: Eu particles [75]. These nanoparticles were excited using a narrow laser line 

and the excitation wavelength was slowly scanned over an absorption peak. Different 

Eu3+ sites with different site symmetries and corresponding different luminescence 

lifetimes were found. The sites with decreased site symmetry were attributed to 

surface sites, so the lower lifetimes are found at the nanoparticle surface. Lanthanide-

doped nanoparticles also offer the possibility to change the environment around the 

lanthanide ion, while keeping the lanthanide ion in the same crystal site. This proved 

to be valuable in the determination of the influence of the refractive index on the 

luminescence lifetime. The influence of the refractive index on the luminescence 

lifetime of Eu3+ organic complexes was studied by varying the solvent in which the 

complex was dissolved [76]. In these complexes, special care has to be taken that the 

coordination of the lanthanide is not changed, while changing the solvent. In 

nanoparticles, the ions are doped inside the crystal and local coordination of the ion is 

not changed with variation of the solvent. Y2O3: Eu particles showed a correlation 

between the refractive index and the luminescence lifetime of the Eu3+
 ion, when the 

particles were dispersed in different environments [77]. 

 

1.4.3 Lanthanide ion in semiconductor nanoparticles 
The shielding of lanthanide ions could be achieved by doping them in the core of 

nanoparticles and as a result the luminescence properties of the ions in an organic 

environment could be improved. Semiconductor nanoparticles have the advantage of 

high molar absorption coefficients and the possibility to excite them with charge 

carriers generated by electricity. Doping of lanthanide ions in semiconductor 

nanoparticles could have enormous advantages over the doping in nanoparticles of 
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isolator host materials. Energy transfer from the semiconductor host to the lanthanide 

ion would have the advantage of a broad excitation band for photo-excitation and 

offer the possibility of electroluminescence of the lanthanide ion. At the same time the 

lanthanide ion is shielded from the organic environment. Energy transfer from 

semiconductor nanoparticles to lanthanide ions has been reported in a large number of 

publications. The best known example is the energy transfer of silicon nanoparticles 

to Er3+ ions doped in silicon enriched SiO2 waveguides [78]. Energy transfer of other 

semiconductor nanoparticles to other lanthanide ions is also described, like from CdS 

to Eu3+ and SnO2 to Eu3+ [79, 80]. These examples are all in solid state glasses or sol-

gel derived samples. Reports about the doping of lanthanide ions in nanoparticles 

passivated by organic ligands have also appeared. The doping of Tb3+ ions in ZnS 

nanoparticles was described in several papers [81]. Okamoto et al. reported 

luminescence studies on CdS doped with Eu3+ [82], and ZnS doped with Eu3+ was 

reported by Qu et al [83]. The results of these studies have been under discussion 

recently, when Bol et al. tried to reproduce the results [84]. They conclude that the 

lanthanide ions are not incorporated in the nanoparticles, but probably adsorbed at the 

surface. The excitation spectra of their reaction products are dominated by the 4f 

absorption bands of the lanthanide ions suggesting that no energy transfer takes place 

from the semiconductor host to the lanthanide ion  

 

1.5. Motivation for the present work: 

Studies of lanthanide ion distribution in inorganic oxides with multiple sites have 

attracted much attention, because they may allow better understanding of the 

correlations between structure and properties such as color, magnetic behavior, 

catalytic activity, and optical properties, etc., which are strongly dependent on the 

occupation of various  sites by metals ion. Lanthanide dopants are well known 

structural probes and can be used to understand the local structures in crystalline 

materials, probing the structure of biological molecules etc. The absorption of light by 

an electron moving around a nucleus occurs, thanks to operators linked to the nature 

of light: the odd-parity electric dipole (ED) operator, the even-parity magnetic dipole 

(MD) and electric quadrupole (EQ) operators. Not all transitions are permitted, since 

they have to obey selection rules. One of these is the so-called Laporte’s (or parity 
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rule) requiring that for ED transitions, the sum of the angular momenta of the 

electrons in the initial and final states must change by an odd integer. 

Magnetic dipole transitions within the 4fn configuration, which obey the selection rule 

ΔJ = 0, ±1 are allowed (except for J = 0 to J = 0), but have low oscillator strengths. 

The electric dipole intra-4f transitions are in principle parity forbidden, and those 

transitions that do not occur within the ground multiplets may also be spin-forbidden 

(ΔS≠0) However in an asymmetric environment, the electric dipole f-f transitions 

become weakly allowed (with an oscillator strength of 10-6) by mixing of opposite 

parity wave functions (primarily the 5d wave functions) into the 4f wave functions. In 

other words the parity forbidden intra-4f transitions ‘steal’ some intensity from the 

allowed 4f-5d transitions. The spin selection rule is relaxed by the fact that heavy 

atoms have large spin-orbit couplings. Because the oscillator strengths of these 

induced electric dipole transitions are in the same order of magnitude as those of 

magnetic dipole transitions, both transitions can be observed in lanthanide absorption 

and emission spectra. Since ED transitions in lanthanide ions are induced by the 

ligand field their strengths (or: probabilities) are quite sensitive to it. Strongly 

asymmetric or strongly interacting ligand fields lead to relatively intense ED 

transitions. The intensities of some ED transitions are extremely sensitive to 

coordinating environment, which means that they can be either completely absent or 

very intense, depending on the ligand field.  

Based on asymmetry ratio, ED/MD one can have idea about the local site occupancy 

of lanthanide ion. Any luminescent lanthanide ion may act as a probe, but some ions 

bring more information (e.g. EuIII), or are more luminescent (e.g. TbIII) than others, 

which explains their preferential use. In view of its non-degenerate emissive state 5D0, 

EuIII ion is most appropriate as luminescent structural probe for the determination of 

the number of metal ion sites in a compound, their symmetry and their respective 

population. Other lanthanide dopants, such as Sm3+ and Dy3+ have rarely been used as 

a probe to understand the local structure of inorganic material. This really opens a 

new avenue for researcher working in the field of lanthanide luminescence. 

Also understanding why different lanthanide ions behave differently in same host is 

an interesting problem, which can be solved by theoretical validation of experimental 

results. Time resolved fluorescence spectroscopy is an extremely sensitive method to 
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bring out the difference in luminescent properties of lanthanide ion occupying various 

sites.  

Synthesizing nanoparticles of refractory oxide like ThO2 and ZrO2 at lower 

temperature is another challenge. Hosts like ThO2 and Sr2CeO4 are having very low 

phonon energy are good candidates for luminescent materials; but they are relatively 

unexplored.  

Bulk luminescence materials, or phosphors, are employed in a broad range of 

applications such as cathode ray tubes, projection television screens, fluorescent 

tubes, X-ray detectors, and biomedical probes. However, luminescence based on bulk 

materials offer extremely limited opportunities for further reduction in size, 

complexity, and power consumption.  

Fortunately, due to the physics of quantum size confinement, nanoscale phosphors 

provide an avenue for further advancing solid-state luminescence. Compared to bulk 

materials, nanoparticles exhibit greater electron–hole overlap, thereby yielding greater 

oscillator strength and enhanced luminescence quantum efficiency. Improved 

oscillator strength is important because a phosphor’s emission decay lifetime is 

inversely proportional to its oscillator strength and typically shortens as particle size 

decreases. Similarly, by overcoming the inherent loss of luminescence efficiency 

normally associated with smaller size materials, luminescence nanoparticles hold the 

promise of practical phosphors that are considerably smaller than what can currently 

be achieved. Rare earth-doped insulator nanoparticles such as Y2O3:Eu3+ and 

LaPO4:Tb3+ represent new type of high efficiency luminescence materials. Quantum 

size confinement is not as critical for insulator nanoparticles as it is for semiconductor 

nanoparticles; however, because of their large surface-to-volume ratios, insulator 

nanoparticles exhibit some novel properties that make them suitable for numerous 

useful applications. For example, as phosphors, nanoparticle insulators are more 

efficient and produce less light-scattering than microsized particles. The symmetry of 

the lanthanide site can also be changed in nanocrystalline materials. Understanding 

the reason behind the same opens a new area of research.  

     Rare earths are really rare and most of their production is from china. Synthesising 

rare earth free luminescent materials and understanding the mechanism of their 

emission experimentally and theoretically is very important. 
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1.6. Scope of the thesis:  

In the present investigation, a variety of inorganic matrices varying from binary 

oxides (ThO2, ZrO2), silicates (Sr2SiO4), cerate (Sr2CeO4), zirconate (SrZrO3) to 

phosphate (Zn2P2O7)- undoped and doped with lanthanide ions- have been synthesised 

and their luminescent properties are investigated. The idea is to synthesize low 

phonon-energy luminescent materials (micro and nano regime) to minimize non-

radiative losses.  Nanoparticles - exhibit greater electron–hole overlap, thereby 

yielding greater oscillator strength and enhanced luminescence quantum efficiency. 

Another focus is to explore novel white light emitting material with high CRI index 

and efficiency. Synthesizing nanoparticles of refractory oxides like ThO2 and ZrO2 at 

lower synthesis temperature is another challenge.  Host like ThO2, Zn2P2O7, Sr2CeO4 

having very low phonon energy are good candidates for luminescent materials; but 

they are relatively unexplored. Another novel approach is to use lanthanide ion as a 

structural probe (structure properties correlation). Further understanding why different 

lanthanides (Sm, Eu and Dy) behave differently in same host is an interesting 

problem, which can be solved by theoretical validation of experimental results. 

    Although numbers of reports are available on lanthanide doped ZrO2 nanoparticles, 

very few reports are there on luminescence properties of lanthanide ion in ThO2. Eu3+ 

is used as a structural probe to understand its local site symmetry in nanocrystalline 

ThO2. For the first time, reverse micellar route is used to synthesize ThO2. Although 

reports exist on luminescence properties of lanthanide ion in Sr2SiO4 and SrZrO3, 

none of them explain the site occupancy of Ln3+ and their related effect on 

luminescence properties in these matrices. TRES is extensively used as to understand 

such phenomena. In Sr2SiO4, there are two types of sites for Sr2+. One is a more 

symmetric 10 coordinated site Sr (1) and the other is a less symmetric 9 coordinated 

site Sr (2). In SrZrO3 also there is 8-coordinated Sr and 6-coordinated Zr. Different 

lanthanide ion viz. Eu, Sm and Dy ion are used as structural probe to understand their 

site occupancy in Sr2SiO4 and SrZrO3. These ions are found to behave differently in 

terms of their local site occupancy in these matrices. This aspect is investigated in 

detail in the present work. Theoretical modelling and EXAFS studies were carried out 

to explain such anomaly. Effect of replacing Si (IV) by Ce (IV) in Sr2SiO4 is 

investigated in Sr2CeO4 system. Ionic size of silicon 0.40 Å; not ideal for Eu3+ 

substitution- entire Eu is distributed to Sr2+ site. Si (IV) is replaced by Ce (IV) whose 

ionic radius is very close to Eu (III). Also synthesizing Sr2CeO4 is a challenge, 
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because it decomposes peritectically to SrO and SrCeO3 at higher temperatures. 

Luminescence properties of hosts like Zn2P2O7 (both undoped and doped) with 

lanthanide ions are investigated for the first time with a view to develop new and 

robust phosphor materials having multifunctional applications. 

Compounds like SrZrO3, Zn2P2O7, etc. have host emission in the visible region over the 

range of 400-550 nm. Hence, it is expected that suitable modification in the synthesis 

procedure as well doping them with lanthanide ions can give efficient luminescent 

materials, which can have multi colour emission. Keeping the above mentioned aspects  

in mind, the luminescence properties of these nanomaterials have been investigated 

during the course of the present investigation. 

 

 
 



Chapter 2 

51 
 

 
 
 

 
 
 
 
 
             Chapter 2 

EXPERIMENTAL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2 

52 
 

CHAPTER 2 

2.1. Synthesis of luminescent materials: 

2.1.1 Conventional Solid state route: 

The solid-state reaction route is the most widely used method for the preparation of 

polycrystalline solids from a mixture of solid starting materials. Solids do not react 

together at room temperature over normal time scales and it is necessary to heat them 

to much higher temperatures, often to 1000 to 1500 °C in order for the reaction to 

occur at an appreciable rate. The factors on which the feasibility and rate of a solid 

state reaction include, reaction conditions, structural properties of the reactants, 

surface area of the solids, their reactivity and the thermodynamic free energy change 

associated with the reaction. The mechanism of solid state reactions is diffusion 

control; and hence, repeated grinding and repeated heating are required.  

Consequences of high reaction temperatures 

•It can be difficult to incorporate ions that readily form volatile species (i.e. Ag+). 

•It is not possible to access low temperature, metastable (kinetically stabilized) 

products. 

•High (cation) oxidation states are often unstable at high temperature, due to the 

thermodynamics of the following reaction: 

2MOn(s) +2MOn-1(s) + O2(g) 

Due to the release of a gaseous product (O2), the products are favored by entropy, and 

the entropy contribution to the free energy become increasingly important as the 

temperature increases. 

Preparation of single phase compound is difficult by the conventional solid state 

method. Hence, doping a low concentration (of the order of 1–3%) of activator has 

always been delicate. Thus, the limitations of conventional solid state are: 

1. Inhomogeneity of the product. 

2. Formation of large particles with low surface area and hence, mechanical particle 

size reduction is required, which introduces impurity and defects. 

3. Presence of defects, which are harmful to luminescence. 

The problem of inhomogeneity could be mitigated by the use of non-conventional 

methods (wet-chemical). These techniques are defined as techniques which do not 

comprise of the normal mixing, calcinations and grinding operations. Wet-chemical 
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methods such as sol-gel, combustion, polymeric precursor, reverse micellar etc have 

been employed to synthesize rare-earth activated phosphors. These wet-chemical 

methods facilitate doping of rare earth activators uniformly. But, calcination is 

required to get crystalline (required) phosphor. 

2.1.2 Sol-gel Method: 

The most widely used synthetic technique for bulk metal oxides has been the solid 

state method, which is based on the direct reaction of powder mixtures. These 

reactions are completely controlled by the diffusion of the atomic or ionic species 

through the reactants and products. To bring the reaction partners sufficiently close 

together and to provide high mobility, these solid state processes require high 

temperature and small particle sizes. Although the harsh reaction conditions only lead 

to thermodynamically stable phases, preventing the formation of metastable solids, 

these approaches gave access to a large number of new solid compounds, enabling the 

development of structure-properties relationships. However, in comparison to organic 

chemistry, where highly sophisticated synthetic pathways are employed to make and 

break chemical bonds in a controlled way, the ceramic method is a rather crude 

approach. It is therefore no surprise that for the size- and shape-controlled synthesis of 

nanoparticles especially liquid-phase routes represent the most promising alternatives. 

In contrast to solid-state processes, but analogous to organic chemistry, “chimie 

douce” approaches offer the possibility to control the reaction pathways on a 

molecular level during the transformation of the precursor species to the final product, 

enabling the synthesis of nanoparticles with well-defined and uniform crystal 

morphologies and with superior purity and homogeneity [85]. Among the various 

soft-chemistry routes, sol-gel procedures were particularly successful in the 

preparation of bulk metal oxides (e.g., ceramics, glasses, films and fibers) [86, 87], 

and therefore they have also been applied for nanoparticle synthesis. But in spite of 

great efforts, the number of oxidic nanoparticles obtained by sol-gel chemistry is still 

rather small compared to the variety of compounds obtained via powder routes. In 

many cases a synthesis protocol developed for a bulk metal oxide could not directly 

be adapted to its corresponding counterpart on the nanoscale. The reasons for this 

observation are manifold. Aqueous sol-gel chemistry is quite complex, on the one 

hand due to the high reactivity of the metal oxide precursors towards water and the 

double role of water as ligand and solvent, and, on the other hand, due to the large 
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number of reaction parameters that have to be strictly controlled (hydrolysis and 

condensation rate of the metal oxide precursors, pH, temperature, method of mixing, 

rate of oxidation, the nature and concentration of anions, ...) in order to provide good 

reproducibility of the synthesis protocol [86]. Another fundamental problem of 

aqueous sol-gel chemistry is that the as-synthesized precipitates are generally 

amorphous. The required post-synthetic annealing step to induce the crystallization 

process prevents any subtle control over crystal size and shape. For the preparation of 

bulk metal oxides, these limitations play only a minor role; however, in the case of 

nanoparticle synthesis, they constitute a major issue. 

In material science, the sol-gel process is a method for producing solid materials from 

small molecules. The method is used for the fabrication of metal oxides, especially 

the oxides of silicon and titanium. The process involves conversion of monomers into 

a colloidal solution (sol) that acts as the precursor for an integrated network (or gel) of 

either discrete particles or network polymers.  

In general, the precursor or starting compound is either an inorganic (no carbon) metal 

salt (chloride, nitrate, sulfate etc) or a metal organic compound such as an alkoxide. 

Metal alkoxides are the most widely used precursors, because they react readily with 

water and are known for many metals. Some alkoxides, which are widely used in 

industry, are commercially available at low cost (Si, Ti, Al, Zr), whereas other ones 

are hardly available or only at very high costs (Mn, Fe, Co, Ni, Cu, Y, Nb, Ta ...). 

In general, the sol-gel process consists of the following steps (Figure 2.1) [88]: i) 

Preparation of a homogeneous solution either by dissolution of metal organic 

precursors in an organic solvent that is miscible with water, or by dissolution of 

inorganic salts in water; ii) conversion of the homogeneous solution into a sol by 

treatment with a suitable reagent (generally water with or without any acid/base); iii) 

aging; iv) shaping; and v) thermal treatment/ sintering. The first step in a sol-gel 

reaction is the formation of an inorganic polymer by hydrolysis and condensation 

reactions, i.e., the transformation of the molecular precursor into a highly cross-linked 

solid. Hydrolysis leads to a sol, a dispersion of colloidal particles in a liquid, and 

further condensation results in a gel, an interconnected, rigid and porous inorganic 

network enclosing a continuous liquid phase. This transformation is called the sol-gel 

transition. There are two possibilities to dry the gels. Upon removal of the pore liquid 

under hypercritical conditions, the network does not collapse and aerogels are 

produced. When the gel is dried under ambient conditions, shrinkage of the pores 
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occurs, yielding a xerogel. One of the highly attractive features of the sol-gel process 

is the possibility to shape the material into any desired form such as monoliths, films, 

fibers, and monosized powders, and subsequently to convert it into a ceramic material 

by heat treatment. 

 

 
Figure 2.1: Various steps in the sol-gel process to control the final morphology of 
the product [88]. 
 
The sol-gel conversion of metal alkoxides involves two main reaction types: 

hydrolysis and condensation (Scheme 2.1). During hydrolysis, the alkoxide groups (-

OR) are replaced via the nucleophilic attack of the oxygen atom of a water molecule 

under release of alcohol and the formation of a metal hydroxide. In most cases 

hydrolysis step requires catalyst as can be seen from Figure 2.2. Condensation 

reactions between two hydroxylated metal species leads to M-O-M bonds under 

release of water (oxolation), whereas the reaction between a hydroxide and an 

alkoxide leads to M-O-M bonds under release of an alcohol (alkoxolation). Steps 

involved in the condensation of tetra ethyl orthosilicate (TEOS) during sol-gel process 

are shown in Figure 2.3. In the present work, Sr2SiO4 has been synthesized using sol-

gel method. Main reactions in the sol-gel process using metal alkoxides. Hydrolysis 

(Eq. 2.1) and condensation, involving oxolation (Eq. 2.2) and alkoxolation (Eq. 2.3) 
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Figure 2.2: Acid and base catalyzed hydrolysis step 

 
Figure 2.3: Simplified representation of the condensation of TEOS in sol gel 
process 
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2.1.3 Gel-combustion Method: 

Combustion synthesis (CS) or self-propagating high-temperature synthesis (SHS) is 

an effective, low-cost method for production of various industrially useful bulk/ nano-

crystalline powders of oxide ceramics, at a lower calcination temperature in a 

surprisingly short time. 

The solution-combustion is a two-step process viz. (i) formation of a precursor and 

(ii) auto-ignition.  

In a typical reaction, the precursor (mixture of water, metal nitrates and fuel) on 

heating decomposes, dehydrates and ruptures into a flame. The resultant product is a 

voluminous, foamy powder, which occupies the entire volume of the reaction vessel. 

The chemical energy released from the exothermic reaction between the metal nitrates 

and fuel can rapidly heat the system to high temperatures without an external heat 

source. Nanomaterials synthesized by combustion route are generally homogeneous, 

contain fewer impurities, and have higher surface areas than powders prepared by 

conventional solid-state methods. The parameters that influence the reaction are the 

nature of fuel, fuel to oxidizer ratio, ignition temperature and water content of the 

precursor mixture. The major advantage of this method is that large-scale production can 

be made at relatively low temperatures and disadvantage is that the particles obtained are 

highly agglomerated and cannot be dispersed in solvents. 

The formation of the precursor (viscous liquid or gel), is a primary condition for an 

intimate blending of the starting constituents and preventing the random redox 

reaction between a fuel and an oxidizer. The very high exothermicity generated 

during combustion manifests in the form of either a flame or a fire and hence, the 

process is termed as auto-ignition process. The nature of the fuel and its amount, are 

some of the important process parameters, for getting the transparent viscous gel 

without any phase separation or precipitation [89]. Thus, the basic characteristics of 

the fuel are that it should be able to maintain the compositional homogeneity among 

the constituents and also undergo combustion with an oxidizer at a low ignition 

temperature. The commonly used fuels are: glycine, citric acid, urea, ascorbic acid 

etc. The two events, which occur during combustion, are (i) generation of heat of 

combustion, and (ii) gas evolution. Heat of combustion (or flame temperature) helps 

in crystallization and formation of the desired phase. However, a very high flame 

temperature can adversely affect powder characteristics like increase in the crystallite 
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size, formation of hard agglomerates and thereby reduction in the surface area and 

sinterability. The evolution of gaseous products during combustion dissipates the heat 

of combustion and limits the rise of temperature, thus reducing the possibility of 

premature local partial sintering among the primary particles. The powder 

characteristics are primarily governed by heat of combustion and gas evolution, which 

themselves are dependent on nature of the fuel and oxidant-to-fuel ratio [90].  

Depending on the type of the precursors, as well as on conditions used for the process 

organization, the SCS may occur as either volume or layer-by-layer propagating 

combustion modes. This process not only yields nanosize oxide materials but also 

allows uniform (homogeneous) doping of trace amounts of rare-earth impurity ions in 

a single step. Among the gamut of papers published in recent years on SCS, synthesis 

of luminescent materials and catalysts occupy the lion share. The latest developments 

in SCS technique are discussed based on the materials applications. The synthesis of 

nanophosphors is currently a hot topic in the field of CS. 

There are various advantages and disadvantages of gel-combustion method over other 

routes as mentioned in table 2.1. We have synthesized SrZrO3 using gel-combustion 

method. 

Table 2.1: Advantages and disadvantages of Combustion route 

 Advantages Disadvantages 

1 Decreases diffusion path length Safety related issues 

2 Size control Evolution of NOX 

3 Less Energy and time 

consuming 

Shape control is a problem 

4 Metastable state can be 

synthesized 

Synthesis of non-oxide ceramic is 

difficult 

5 Better powder characteristics Scaling up is an issue 

 

2.1.4 Polymeric precursor Method: 

The polymerized complex technique, known originally as the Pechini method [91] 

(wherein a solution of ethylene glycol (EG), citric acid (CA) and metal ions is 
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polymerized to form a polyester-type resin), has received considerable attention 

among others. This technique offers a convenient means in which a wide range of 

metal compounds stay as soluble species throughout the resin formation, and leaves 

enough flexibility for the system to persist without undergoing precipitation. Because 

of the high degree of compositional control afforded by the polymerized complex 

technique, it has been preferably used to study the effects of slight change in 

composition on electrical properties of high technology multicomponent oxides [92, 

93]. 

The polymeric citrate method is based on the Pechini-type reaction route [91, 94]. It 

involves reacting a mixed solution of citric acid, ethylene glycol and the desired 

cations to form a polyester type of gel. The metal ions can be immobilized in a rigid 

polyester network, which is charred off by heating the gel. This can greatly reduce the 

diffusion path lengths of a particular reactant during the processing. Thus a distinct 

advantage over most other methods is that very pure mixed metal oxides can be 

prepared. Also compared to the ceramic route, this method can give rise to 

homogeneous and fine-grained powders at relatively lower reaction temperature. 

Figure 2.4 shows various stages involved in the synthesis using polymeric precursor 

route or polymerization complex method. 

Approach: Decrease diffusion distances through intimate mixing of cations. 

Advantages: Lower reaction temps, possibly stabilize metastable phases, eliminate 

intermediate impurity phases, and produce products with small crystallites/high 

surface area. 

Disadvantages : Reagents are more difficult to work with, can be hard to control 

exact stoichiometry in certain cases, sometimes it is not possible to find compatible 

reagents (for example ions such as Ta5+ and Nb5+ immediately hydrolyze and 

precipitate in aqueous solution). 

Methods: With the exception of using mixed cation reactants, all precursor routes 

involve the following steps: 

 

• Mixing the starting reagents together in solution. 

• Removal of the solvent, leaving behind an amorphous or nano-crystalline mixture of 

cations and one or more of the following anions: acetate, citrate, hydroxide, oxalate, 

alkoxide, etc. 
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• Heat the resulting gel or powder to induce reaction to the desired product. 

 

 
Figure 2.4: Typical synthesis stages in polymeric precursor route 

 

2.1.5 Microemulsion method/Reverse micellar route: 

A micro-emulsion is a mixture of water, water-insoluble and water-soluble 

components forming a visually homogeneous, transparent liquid.  One or more active 

ingredients may be present in either the aqueous phase, the non-aqueous phase, or in 

both phases.  A variety of micro-emulsion formulations may be prepared in which the 

aqueous phase can be considered the dispersed phase, the continuous phase or, 

alternatively, where the two phases are considered to be bicontinuous.  In all cases 

micro-emulsions will disperse into water to form either conventional emulsions or 

dilute micro-emulsions. Synthesis of nano particles via micro emulsions is a simple 

and powerful technique, which does not require specialized or expensive equipments. 

Here precipitation reaction is carried out in mono dispersed aqueous cores dispersed 

in non-polar solvent and are stabilized by surfactant / co surfactant molecules. The 

material obtained is micro homogeneous, because the desired stoichiometry is 

maintained. The advantage of this technique over other methods of synthesis lies in 

the fact that a micro emulsion may assume a variety of structures depending on the 

constituents and the location within the phase diagram. It may therefore be possible to 
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control not only the size but also the morphology of the product nano particles by 

proper choice of the composition of the micro emulsion system. 

It is a macro homogenous transparent solution formed by dissolving surfactant in 

organic solvent with limited amount of water. Reverse micelles can be defined as 

“Water in oil micro emulsion (see Figure 2.5) in which polar head groups of 

surfactant molecules are attracted by aqueous core and directed towards inside and 

hydrocarbon chain i. e. apolar part is attracted by non aqueous phase and directed 

towards outside.” The non-polar tail of surfactant molecules come into contact with 

the organic phase and the polar heads sequester together, forming a vesicle, which 

encloses the water pool inside the cavity. It consists of nanometer sized, monodisperse 

water droplets. It can easily control the size and shape of the aqueous core by varying 

the value of water to surfactant ratio (Wo).  The reverse-micelles obtained at a 

particular ratio of the aqueous phase to the surfactant leads to uniform–size nano-

reactors and have an aqueous core of 5-10 nm in which it is possible to precipitate the 

inorganic material.. It was initially assumed that these nanodroplets could be used as 

templates to control the final size of the particles, however, the research carried out in 

the last few years has shown that besides the droplet size, several other parameters 

also play an important role in the final size distribution.  

 
 

Figure 2.5: A typical structure of micelle. 

Among all the chemical processes, the microemulsion processing (reverse micelle 

synthesis) has been demonstrated as a very versatile and reproducible method [95–

98]. This method is superior to many others in terms of being able to deliver 

homogeneous and monodisperse nanoparticles of a variety of metals [99-100], oxides 
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[101-102], and chalcogenides [103]. The reaction takes place in the aqueous cores of 

the reverse micelles which are dispersed in an organic solvent and are stabilized by a 

surfactant. The dimensions of these aqueous cores are in the nanoregime and are thus 

being referred to as nanoreactors. The product obtained after the reaction is 

homogeneous. The other advantage of using this methodology is that the morphology 

of the product can also be controlled as the surfactant aggregates from a variety of 

structures which are used as templates. The size of the core of the reverse micelles can 

also be controlled by changing Wo ([H2O]/ [surfactant]). Thus, the size and 

morphology of the product can be controlled by proper choice of the composition of 

the microemulsion system. 

2.2. Characterization Techniques: 

2.2.1. X-ray diffraction: 

XRD is a technique to determine the structural properties of materials. This technique 

can inform researchers on the degree of crystallinity, phase identification, lattice 

parameters, and grain size. The use of the diffraction of waves from the periodic 

arrangement of atoms in solids to determine the crystal structure was first suggested 

by Von Laue in 1912, developed by Bragg in 1913 and is now a well-developed 

science. The typical interatomic distances in solids are a few angstroms, so waves 

with approximately this wavelength are required to explore this structure. The 

wavelengths of x-rays commonly applied for x-ray diffraction are between 0.7 and 2.3 

Å, which is close to the interplanar spacings of most crystalline materials. 

 

2.2.1.1. Principle: 

X-rays interact primarily with electrons in atoms. When an incident x-ray wave 

approaches an atom, it is scattered and interference of these scattered waves occur. If 

the atoms have a periodic arrangement, as in a crystal, the scattering produces a 

diffraction pattern with sharp maxima (peaks) at certain angles. The peaks in the x-ray 

diffraction pattern are directly related to the interatomic distances. An incident x-ray 

beam interacting with the atoms arranged in a periodic manner is shown in two 

dimensions (2-D) in Figure 2.6. The atoms can be viewed as forming different sets of 

planes in the crystal. For a given set of lattice plane with an interplanar distance of, 

the condition for a diffraction (peak) to occur can be written as: 

2d sin θ = nλ                                                                                                        (2.1) 
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This is known as Bragg's law, after W.L. Bragg, who first proposed it. In equation θ is 

the Bragg angle, which is half of the scattering angle; an integer representing the 

order of the diffraction peak and λ is the wavelength of the x-rays. 

 
                   Figure 2.6: Scattering of x-rays from atoms and Bragg’s law 

 

2.2.1.2. X-ray production: 

X-rays are a part of the spectrum of electromagnetic radiation in the region between 

ultraviolet and gamma rays. X-rays have a wavelength between 10.0 and 0.1 Å. They 

are produced when fast-moving electrons of sufficient energy are decelerated. In an x-

ray tube, the high voltage maintained across the electrodes draws electrons toward a 

metal target (the anode). X-rays are produced at the point of impact, and radiated in 

all directions. The kinetic energy of the electrons is transformed into electromagnetic 

energy (x-rays). Since energy must be conserved, the energy loss results in the release 

of x-ray photons of energy equal to the energy loss. This process generates a broad 

band of continuous radiation (called Bremsstrahlung, or braking radiation) as shown 

in Figure 2.7.  
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Figure 2.7: Continuous and characteristic x-rays for copper [104] 

If the moving electron interacts with an inner-shell electron of the target atom, 

characteristic x-rays can be produced. When the moving electron ionizes a target atom 

by removal of a K-shell electron, transition of an orbital electron from an outer to an 

inner shell will occur, accompanied by the emission of an x-ray photon. The x-ray 

photon has energy equal to the difference in the binding energies of the orbital 

electrons involved. If an L-shell electron moves to replace a K-shell electron, a Kα x-

ray is produced (with wavelength 1.54178 Å for Cu). If an M-shell electron moves to 

replace a K-shell electron, a Kβ x-ray is produced (with wavelength 1.39217 Å for 

Cu). These characteristic x-rays, also shown in Figure 2.7, are suitable for diffraction 

experiments. To obtain monochromatic x-rays a suitable metal filter can be used. 

Nickel strongly absorbs x-rays below 1.5 Å and can be used to filer the Kβ x-rays 

from copper, as shown in Figure 2.8 [105]. 
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                                Figure 2.8: Using a Nickel filter for Cu X-rays [105] 

 

2.2.1.3. XRD diffractometer: 

A diffractometer records the diffraction pattern of a sample. The essential features of 

a diffractometer are presented schematically in Figure 2.9. It consists of an x-rays 

source (usually an x-ray tube) producing monochromatic x-rays of known 

wavelength, a sample stage, a detector, and a way to vary the angle. The x-rays are 

focused on the sample at some angle θ, while the detector reads the intensity of the 

diffracted x-rays it receives at the scattering angle 2θ. 

 
Figure 2.9: X-ray diffractometer [106]. 
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2.2.1.2. XRD applications: phase purity and crystallite size: 

With the XRD pattern the identification of an unknown crystalline material becomes 

possible. Bragg’s law is used to convert the angles where peaks occur to interplanar 

spacings (d-spacings) using Bragg’s law (Equation 2.1). Files of d-spacings for 

hundreds of thousands of inorganic compounds for comparison are available in the 

Powder Diffraction Files (PDF) of the International Centre for Diffraction Data 

(ICDD). 

When crystallites are less than 100 nm in size, appreciable broadening in the x- ray 

diffraction reflections will occur. These regions may in fact correspond to the actual 

size of the particles. The grain size can be calculated from the broadening of the 

diffracted beam using the Scherer’s formula: 

t = Kλ / B cosθ                                                                                                        (2.4) 

Where, t = Diameter of the grain, λ = Wavelength of the X-ray (for Cu-Kα, λ = 

1.5418 Å), θ = Bragg angle or diffraction angle, B = Full width at half maximum 

(FWHM) of a diffraction peak, K = Scherer’s constant and its value is the order of 

unity for usual crystals. Normally, K = 0.9 is used.   Hence,  

 t = 0.9λ / B cosθ                                                                                                      (2.5) 

The line broadening B is measured from the broadened peak at full width at half 

maxima and obtained from the Warren’s formula: 

B2 = BM
2 – BS

2                                                                                                          (2.6) 

Where,  BM = Full width at half maximum of the sample, BS = Full width at half 

maximum of a standard sample of grain size of around 2 μm. Quartz was used as the 

standard and the reflections were chosen such that the sample and standard had 

closest possible 2θ values and the operations carried out on two reflections were 

identical. 

In the present case measurements were carried out on a STOE X-ray diffractometer 

equipped with Ni filter, scintillation counter and graphite monochromator. The 

diffraction patterns were obtained using monochromatic Cu-Kα radiation (λ= 

1.5406Å) keeping the scan rate at 1sec./step in the scattering angle range (2θ) of 10o 

to 60o. The Kα2 reflections were removed by a stripping procedure to obtain accurate 

lattice constants. The goniometer was calibrated for correct zero position using silicon 

standard. Samples are well grounded and made in the form of a slide. As all the micro 
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crystals are randomly oriented, at any point on the sample different planes from 

crystals will be exposed to X-rays. 

 

2.2.2. Thermal analysis: TGA/DTA/DSC 

Thermal analysis is a branch of materials science where the properties of materials are 

studied as they change with temperature. Several methods are commonly used – these 

are distinguished from one another by the property which is measured: 

• Dielectric thermal analysis (DEA): dielectric permittivity and loss factor 

• Differential thermal analysis (DTA): temperature difference 

• Differential scanning calorimetry (DSC): heat difference 

• Dilatometry (DIL): volume 

• Dynamic mechanical analysis (DMA) : mechanical stiffness and damping 

• Evolved gas analysis (EGA) : gaseous decomposition products 

• Laser flash analysis (LFA): thermal diffusivity and thermal conductivity 

• Thermogravimetric analysis (TGA): mass 

• Thermomechanical analysis (TMA): dimension 

• Thermo-optical analysis(TOA): optical properties 

Thermal analysis methods are essential for understanding the compositional and heat 

changes involved during reaction. They are useful for investigating phase changes, 

decomposition and loss of water or oxygen and for constructing phase diagrams. 

In TGA, the weight of a sample is monitored as a function of time as the temperature 

is increased at a controlled uniform rate. Loss of water of crystallization or volatiles 

(such as oxygen, CO2, etc.) is revealed by a weight loss. Oxidation or adsorption of 

gas shows up as a weight gain. A phase change is generally associated with either 

absorption or evolution of heat. In DTA experiments, the sample is placed in one cup 

and a standard sample (like Al2O3) in the other cup. Both cups are heated at a 

controlled uniform rate in a furnace, and the difference in temperature (ΔT) between 

the two is monitored and recorded against time or temperature. Any reaction 

involving heat change in the sample will be represented as a peak in the plot of ΔT vs. 

T. Exothermic reactions give an increase in temperature, and endothermic reaction 

leads to a decrease in temperature and the corresponding peaks appear in opposite 

directions.  
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DSC is a thermoanalytical technique in which the difference in the amount of heat 

required to increase the temperature of a sample and reference is measured as a 

function of temperature. Both the sample and reference are maintained at nearly the 

same temperature throughout the experiment. Generally, the temperature program for 

a DSC analysis is designed such that the sample holder temperature increases linearly 

as a function of time. The reference sample should have a well-defined heat capacity 

over the range of temperatures to be scanned. The result of a DSC experiment is a 

curve of heat flux versus temperature or versus time. There are two different 

conventions: exothermic reactions in the sample shown with a positive or negative 

peak, depending on the kind of technology used in the experiment. This curve can be 

used to calculate enthalpies of transitions. This is done by integrating the peak 

corresponding to a given transition 

 

2.2.3. Electron microscopy: SEM/TEM 

Micro-structural characterization has become important for all types of materials as it 

gives substantial information about the structure-property correlation. Micro- 

structural characterization broadly means ascertaining the morphology, identification 

of crystallographic defects and composition of phases, estimating the particle size, etc. 

Electron microscopic techniques are extensively used for this purpose. Electron 

microscopy is based on the interaction between electrons (matter wave) and the 

sample.  

Electron microscopes are scientific instruments that use a beam of highly energetic 

electrons to examine objects on a very fine scale. They are widely used as tools for 

research, quality assurance and failure analysis in material science. They are 

indispensable implements in biological and life sciences. In electron microscopy 

beams of electrons are used to produce images wavelength of electron beam is much 

shorter than light, resulting in much higher resolution. Table 2.1 shows the advantages 

and disadvantages of electron microscope while Table 2.2 shows the comparison 

between light optical microscope and electron microscope. Figure 2.10 depicts the 

range of optical and electron microscope. 
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Figure 2.10: Typical range of light and electron microscope 

 

 

Table 2.1: Advantages and disadvantages of electron microscope 
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Table 2.2: Comparison between light optical microscope and electron microscope 

 
 

In the present study, Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM) have been used to characterize the nano powders. The 

principle and experimental details of these two techniques are given below. 

They can be used to study the following in MATERIALS SCIENCE: 

 Topography - the surface features of an object or ` how it looks’, its texture, direct 

relation between these features and material’s properties like hardness, reflectivity etc. 

 Morphology - the shape and size of the particles making up the object. There is a 

direct relation between these structures and material’s properties like strength, 

ductility, reactivity etc. 

 The composition of the specimen - the elements and compounds that the specimen is 

composed of and their relative amounts. The uniformity of composition and its 

relation between properties like melting point, mechanical properties can be evaluated 

using an electron microscope.  

 · Crystallographic information - how the atoms arranged in the specimen of the object. 

This gives a direct relation between the atomic arrangements and the properties like 

conductivity, electrical characteristics, strength etc., of the material under 

investigation.  

In fact, a complete structure – property correlation is possible using an electron 

microscope. 
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Scanning Electron Microscopy (SEM):  
 
In a typical scanning electron microscope, a well-focused electron beam is incident 

and scanned over the sample surface by two pairs of electro-magnetic deflection coils. 

The signals generated from the surface by secondary electrons are detected and fed to 

a synchronously scanned cathode ray tube (CRT) as intensity modulating signals. 

Thus, the specimen image is displayed on the CRT screen. Changes in the brightness 

represent changes of a particular property within the scanned area of the specimen. 

The SEM has a large depth of field, which allows a large amount of the sample to be 

in focus at one time. The SEM also produces images of high resolution, which means 

that closely spaced features can be examined at a high magnification. For carrying out 

SEM analysis, the sample must be vacuum compatible (~ 10-6 Torr or more) and 

electrically conducting. The surfaces of non-conductive materials are made 

conductive by coating with a thin film of gold or platinum or carbon. 

Schematic representation of SEM is shown in Fig.2.11. Image formation in a SEM 

depends on the acquisition of signals produced from the interaction of the specimen 

and the electron beam. Figure 2.12 pictorially represent the types of information that 

can be obtained from SEM. 

 

 
Figure 2.11: Schematic of scanning electron microscope 
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Figure 2.12: Various electron and photon emitted in SEM and information’s 

gathered from them. 

 

 

Transmission electron microscopy (TEM): 

Transmission electron microscopy (TEM) is a microscopy technique in which a beam 

of electrons is transmitted through an ultra-thin specimen, interacting with the 

specimen as it passes through. An image is formed from the interaction of the 

electrons transmitted through the specimen; the image is magnified and focused onto 

an imaging device, such as a fluorescent screen, on a layer of photographic film, or to 

be detected by a sensor such as a charge couple device (CCD) camera. TEMs are 

capable of imaging at a significantly higher resolution than light microscopes, owing 

to the small de Broglie wavelength of electrons. This enables the instrument's user to 

examine fine detail—even as small as a single column of atoms, which is thousands 

of times smaller than the smallest resolvable object in a light microscope. Schematic 

representation of TEM is shown in Fig.2.13. Table 2.3 represents the comparison 

between SEM and TEM. 
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Figure 2.13: Schematic of transmission electron microscope. 

 

Table 2.3: Comparison between SEM and TEM  

SEM TEM 

Electrons scan the surface Electron is transmitted through the 

specimen 

Bulk sample can be done Extremely thin sample 

Larger depth of field Comparatively less 

Resolution-10 nm Resolution-0.1 nm 
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2.2.4. Dynamic light scattering (DLS): 

Dynamic light scattering (also known as photon correlation spectroscopy or quasi-

elastic light scattering) is a technique in physics that can be used to determine the size 

distribution profile of small particles in suspension or polymers in solution. This 

method is used to determine the size of particles in the 5 to 5000 nanometre range. It 

uses the scattered light to measure the rate of diffusion of the particles. This motion 

data is conventionally processed to derive a size distribution for the sample, where the 

size is given by the "Stokes radius" or "hydrodynamic radius" of the particle. This 

hydrodynamic size depends on both mass and shape (conformation). Dynamic 

scattering is particularly good at sensing the presence of very small amounts of 

aggregated protein (<0.01% by weight) and studying samples containing a very large 

range of masses. It can be quite valuable for comparing stability of different 

formulations, including real-time monitoring of changes at elevated temperatures. 

Hydrodynamic radius is given by Stoke – Einstein equation which is given by 

Rh = kT / 6ПηD                                                                                                     (2.7) 

where, k = Boltzmann constant, T = Temperature, η = viscosity of suspension, D = 

diffusion coefficient. So, the hydrodynamic particle radius can be calculated if the 

shear viscosity of the suspension and the temperature is known. 

2.2.5. Fourier transform infrared spectroscopy (FTIR): 

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique which can 

be used to identify chemical group in organic or inorganic materials. Infrared (IR) 

light passing through a sample is measured in order to determine the chemical 

functional groups in the sample. Different functional groups absorb characteristic 

frequencies of IR radiation. The FTIR spectrometers with especial accessory can 

measure a wide variety of sample types such as gases, liquids, and solids. Infrared 

rays are a part of the electromagnetic spectrum and cover the range between 0.78 and 

1000 mm. The wavelength in infrared spectroscopy is often expressed as the 

reciprocal of the wavelength in cm, with unit as cm-1. For convenience the infrared 

region can be divided into three parts: near, mid and far infrared (Table 2.4). The part 

of the mid infrared region between 4000 – 670 cm-1 is the most useful one. 
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Table 2.4: Different region in IR 

Region Wavelength range  

µm cm-1 

Near 0.78-2.5 12800-4000 

Mid 2.5-50 4000-200 

Far 50-1000 200-10 

 

“Molecular bonds vibrate at various frequencies depending on the elements and the 

type of bonds. For any given bond, there are several specific frequencies at which it 

can vibrate. According to quantum mechanics, these frequencies correspond to the 

ground state (lowest frequency) and several excited states (higher frequencies). One 

way to increase the frequency of a molecular vibration is to excite the bond by having 

it absorb light energy. For any given transition between two states the light energy 

must equal the difference in the energy between the two states exactly (usually ground 

state (E0) and the first excited state (E1)). The energy corresponding to these 

transitions...” “...corresponds to the infrared portion of the electromagnetic spectrum. 

Thus absorption of IR is restricted to vibrational states. For a molecule to absorb IR, 

the vibrations within a molecule must cause a net change in the dipole moment of the 

molecule. The alternating electrical field of the radiation interacts with fluctuations in 

the dipole moment of the molecule. If the frequency of the radiation matches the 

vibrational frequency of the molecule, then radiation will be absorbed, causing a 

change in the amplitude of molecular vibration.” In solids the same principles apply, 

but the vibrations of the lattice instead of individual molecules must be considered. 

 

2.2.6. Positron annihilation spectroscopy (PAS): 

Positron annihilation spectroscopy (PAS) or sometimes specifically referred to as 

Positron annihilation lifetime spectroscopy (PALS) is a non-destructive spectroscopy 

technique to study voids and defects in solids. Positron annihilation spectroscopy 

(PAS) is a well established technique to study the electronic structure and defects in 

materials [107-110]. The lifetime of positrons depends on the electron density at the 

annihilation site. The technique operates on the principle that a positron or 
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positronium will annihilate through interaction with electrons. This annihilation 

releases gamma rays that can be detected; the time between emission of positrons 

from a radioactive source and detection of gamma rays due to annihilation 

corresponds to the lifetime of positron or positronium. When positrons are injected 

into a solid body, they interact in some manner with the electrons in that species. For 

solids containing free electrons (such as metals or semiconductors), the implanted 

positrons annihilate rapidly unless voids such as vacancy defects are present. If voids 

are available, positrons will reside in them and annihilate less rapidly than in the bulk 

of the material, on time scales up to ~ 1 nanosecond. Positrons have high affinity for 

open volume defects and in the presence of defects; the electron density experienced 

by positron is reduced leading to increase in its lifetime. Thus, positron lifetime 

spectroscopy is capable of giving information about the size, type and relative 

concentration of various defects/vacancies even at ppm level concentration. Doppler 

broadening technique, on the other hand, measures the momentum distribution of the 

annihilating electrons. The low momentum part of the Doppler spectrum (511 keV 

gamma line) arises mainly from the annihilation with the valence electrons and the 

core electrons that can be taken as signature of an element, contribute to the high 

momentum part of the spectrum. A very small fraction of positrons annihilate with 

core electrons due to the repulsion of positron by the positively charged nucleus. The 

amplitude of the high momentum or core electron component is, therefore, low and it 

is buried in the Compton background in conventional Doppler spectrum. Coincidence 

Doppler broadening (CDB) technique using two HPGe detectors [111], is capable of 

eliminating the background to a great extent, e.g., peak to background ratio of ~ 106 

can be obtained as compared to a few hundreds in conventional Doppler technique. 

This enables unambiguous extraction of the shape and magnitude of the high 

momentum part of the Doppler spectrum. The chemical surrounding of the 

annihilation site or elemental specificity is obtained from the shape/magnitude of the 

high momentum core component, which carry the signature of the element. Since the 

core electron momentum distribution is not influenced by the physical or chemical 

state of the element, the CDB technique is capable of identifying the elements at the 

annihilation site irrespective of its physical or chemical state in the sample. Therefore, 

combined use of lifetime spectroscopy (LTS) and CDB technique can provide 

valuable information about the vacancy structure. A schematic representation of 
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positron annihilation is shown in Figure 2.14. Figure 2.15 shows the schematic of 

instrument used in positron lifetime measurement. 

 
Figure 2.14: Schematic representation of positron annihilation indicating the 
basis for the three experimental techniques of positron annihilation spectroscopy 
(PAS): lifetime, angular correlation, and Doppler broadening  
 

 
Figure 2.15: The conventional positron lifetime measurement system 

 

2.2.7. Electron paramagnetic resonance (EPR) spectroscopy: 

Electron Paramagnetic Resonance, EPR, is a spectroscopic technique which detects 

species that have unpaired electrons. It is also often called ESR, Electron Spin 

Resonance. A surprisingly large number of materials have unpaired electrons. These 

include free radicals, many transition metal ions, and defects in materials. Free 

electrons are often short-lived, but still play crucial roles in many processes such as 
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photosynthesis, oxidation, catalysis, and polymerization reactions. As a result EPR 

crosses several disciplines including: chemistry, physics, biology, materials science, 

medical science and many more.  

EPR is a magnetic resonance technique very similar to NMR, Nuclear Magnetic 

Resonance. However, instead of measuring the nuclear transitions in our sample, we 

are detecting the transitions of unpaired electrons in an applied magnetic field. Like a 

proton, the electron has spin, which gives it a magnetic property known as a magnetic 

moment. The magnetic moment makes the electron behaves like a tiny bar magnet. 

When we supply an external magnetic field, the paramagnetic electrons can either 

orient in a direction parallel or antiparallel to the direction of the magnetic field. This 

creates two distinct energy levels for the unpaired electrons and allows us to measure 

them as they are driven between the two levels. 

Initially, there will be more electrons in the lower energy level (i.e., parallel to the 

field) than in the upper level (antiparallel). We use a fixed frequency of microwave 

irradiation to excite some of the electrons in the lower energy level to the upper 

energy level. In order for the transition to occur we must also have the external 

magnetic field at a specific strength, such that the energy level separation between the 

lower and upper states is exactly matched by our microwave frequency as shown in 

Figure 2.16. In order to achieve this condition, we sweep the external magnet's field 

while exposing the sample to a fixed frequency of microwave irradiation. The 

condition where the magnetic field and the microwave frequency are "just right" to 

produce an EPR resonance (or absorption) is known as the resonance condition and is 

described by the equation shown in the above Figure 2.16.  

 

Figure 2.16: Separation between the lower and the upper state for unpaired free 

electrons in EPR 
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The factor g is the measure of the total magnetic moment associated with the 
paramagnetic molecule and it is represented by the following equation.  
 
g = 1+ [J (J +1) + S (S+1) – L (L + 1)]/ [2 J (J + 1)]                                            (2.8) 
 
For free electron, S =1/2, L = 0, J = S = ½. This gives g = 2.0. The g factor is a 

dimensionless constant. For most of the free radicals g value is very close to 2.0000. 

This is because in case of free radicals the unpaired electron is not confined to a 

localized orbital but can move freely over the orbital resulting in the quenching of the 

orbital contribution ( L=0 ). In case of transition metal complexes, on the other hand, 

the unpaired electron is confined in a particular orbital. Because of the loss of orbital 

degeneracy and the spin orbit coupling the g value of the complex is different from 

2.0000. The g value of the transition metal complexes depends on the relative 

magnitude of the spin orbit coupling and the crystal field splitting. The spin orbit 

contribution makes “g” as a characteristic property of a transition metal ion and its 

oxidation state.  The g factor is an anisotropic quantity i.e. its value depends on the 

direction of observation (orientation dependent). From the g value of a transition 

metal complex, one can obtain important information about the structure of the 

complex. In solids, the movement of the molecule is restricted and thus one can have 

different g values for different direction of observations. In a cubic crystal field, the 

metal ligand bond lengths are same along three crystallographic axes and hence g 

value remains the same (isotropic), that is gx = gy = gz.  

If the crystal field is tetragonal, the metal - ligand distance along the x and y axis are 

the same but different from the metal ligand distance along the z direction. The g 

value for such complex is anisotropic and they are expressed as gz = g׀׀ and gx= gy = 

g⊥. This is because it is always assumed that, the principal axis (along which the 

magnetic field if aligned) is along the z axis. Whereas if the symmetry of the complex 

is orthorhombic, all the three g values will be different that is gx ≠ gy ≠ gz.  

However, for most systems in solution or gas phase, the g value is averaged over all 

the orientations because of the free motion of the molecules. In this case, the 

 gav = (gx+gy+gz)/3.                                                                                                   (2.9)                         

 
The simplest possible spectrometer for any spectroscopic technique has three essential 

components: a source of electromagnetic radiation (EMR), a sample, and a detector. 

To acquire a spectrum, we can vary the frequency of the EMR and measure the 
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amount of radiation which passes through the sample with a detector to observe the 

spectroscopic absorptions. In an EPR spectrometer, the source of the microwave 

radiation is a Klystron or a Gunn-diode. The source provides a limited range of 

variable frequency. The microwave source and the detector are in a box called the 

microwave bridge.  

To measure the EPR spectrum of a paramagnetic sample, the sample is placed in a 

magnetic field of a resonator cavity in which microwave power is concentrated. The 

sample is so positioned inside the resonator cavity that the electrical component of the 

EMR is at its minimum and the magnetic component is at its maximum.  

At the sample, the static magnetic field (H) is perpendicular to the microwave 

magnetic field. The interaction of magnetic spins with the oscillating magnetic field 

of the electromagnetic radiation leads to the EPR transitions. The EPR spectrum can 

be recorded by either varying the magnetic field strength or the microwave frequency. 

As it is easier to vary the magnetic field than the frequency due to restriction in the 

electronics, usually the magnetic field H is varied over a wide range and the 

frequency is kept constant.  

An electromagnet having sweep width ranging from 5000 G to 15000 G can be used. 

The microwave energy is modulated and the microwave power absorbed by the 

sample at the resonance is measured by the phase sensitive detector, the signal is 

amplified and fed to a computer for data processing. A semiconductor silicon-

tungsten diode is used as a detector. Earlier, the EPR spectrum used to be recorded as 

a function of absorption intensity against magnetic field. Such a curve often produces 

broad absorption bands. In modern instrument, the first derivative of the absorption 

intensity (dA/dH, i.e. slope) is plotted against H. This type of plot gives more accurate 

g values. It may be noted that the resonance field H is not a unique fingerprint for 

identification of the paramagnetic species because spectra can be acquired at different 

frequencies. The g-factor, g = hν/βH being independent of the microwave frequency, 

is much better for that purpose. Notice that higher values of ‘g’ occur at low magnetic 

fields and vice versa. A list of fields for resonance for a g= 2 signal at microwave 

frequencies commonly available in EPR spectrometers is presented in the Table 

2.5.Figuer 2.17 shows the block diagram of typical EPR spectrometers. Figure 2.18 

shows the photographs of EPR spectrometer used in current studies. 
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Figure 2.17: Block diagram of typical EPR spectrometers 

 
Figure 2.18: Photograph of Bruker ESP-300 EPR spectrometer 

 

Table 2.5: List of fields for resonance for a g= 2 signal at microwave frequencies 

commonly available in EPR spectrometers 

Designation   ν/GHz   H(electron)/ Tesla 

L 1.1 0.0392 

S  3.0  0.107 

X  9.5  0.339  

K  23  0.82  

Q  35  1.25  

W  95  3.3  
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The most widely used EPR spectrometer is the X-band spectrometer operating in the 

frequency range 9-10 GHz. The sensitivity of an EPR spectrometer is directly 

proportional to the square of the frequency, and a high frequency is preferred for a 

better resolution of the EPR signal. The sensitivity of the Q band spectrometer is 

fifteen times than that of X band spectrometers. 

2.2.8. Thermally stimulated luminescence (TSL): 

Thermoluminescence is a form of luminescence that is exhibited by certain crystalline 

materials, such as some minerals, when previously absorbed energy from 

electromagnetic radiation or other ionizing radiation (like gamma) is re-emitted as 

light upon heating of the material. The phenomenon is distinct from that of black 

body radiation. High energy radiation creates electronic excited states in crystalline 

materials. In some materials, these states are trapped, or arrested, for extended 

periods of time by localized defects, or imperfections, in the lattice interrupting the 

normal intermolecular or inter-atomic interactions in the crystal lattice. Quantum-

mechanically, these states are stationary states which have no formal time 

dependence; however, they are not stable energetically. Heating the material enables 

the trapped states to interact with phonons, i.e. lattice vibrations, to rapidly decay into 

lower-energy states, causing the emission of photons in the process. Figure 2.19 

pictorially represent the process thermally stimulated luminescence. 

 

Figure 2.19: Thermally stimulated luminescence 

. 
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TL or more specifically Thermally Stimulated Luminescence (TSL) is stimulated 

thermally after initial irradiation given to a phosphor by some other means ( - rays, β 

-rays, γ - rays, UV rays and X-rays). Thermally stimulated luminescence (TSL) is the 

phenomenon of emission of light from a solid which has been previously exposed to 

ionizing radiation under conditions of increasing temperature. Unlike other 

luminescence process such as Electroluminescence, Chemiluminescence, here heat is 

not an exciting agent, but it acts only as a stimulant. Hence it is better known as 

thermally stimulated luminescence (TSL). Excitation is achieved by any conventional 

sources like ionizing radiation, -rays, β-rays, γ- rays and UV rays and X-rays. TSL 

is exhibited by a host of materials, glasses, ceramics, plastics and some organic solids. 

By far insulating solids doped with suitable chemical impurities, termed as activator, 

are the most sensitive TL materials. The band theory of solids is normally used to 

explain this phenomenon. When a solid is irradiated, electrons and holes are 

produced. The defects in the solid results in the presence of localized energy levels 

within the forbidden gap. On irradiation, electron and holes can be trapped at these 

defect sites. When the solid is heated, these trapped electrons/holes get enough 

thermal energy to escape from the trap to the conduction band (or valence band). 

From here they may get re-trapped again or may recombine with trapped 

holes/electrons. The site of recombination is called recombination center. If this 

recombination is radiative, then center is called luminescence center. Alternatively a 

trapped hole can be released by heating which can recombine with a trapped electron 

resulting in luminescence. These features are shown diagrammatically in Fig.2.20. It 

is not required that all charge recombination should result in luminescence, they may 

be non- radiative too. The plot of intensity of emitted light versus the temperature 

known as a TL glow curve. A glow curve may exhibit one or many peaks depending 

upon the number of electron/hole traps with different trap depths, present in the 

lattice. These peaks may or not be well separated. The position, shape and intensity of 

the glow peaks therefore are characteristic of the specific material and the impurities 

and defects presents. Therefore each TSL peak corresponds to the release for an 

electron (or hole) from a particular trap level within the band gap of the material. The 

nature of the TL glow peaks gives information about the luminescent centers present 

in the material. It may be mentioned that TSL is highly sensitive to structural 

imperfections in crystals. Defects densities as low as 107/cm3 also can give 

measurable TSL if radiative recombination are dominant whereas techniques such as 
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EPR and OAS are sensitive only for relatively higher defect concentrations such as 

1012/ cm3. The first step towards understanding the mechanism for TSL glow peaks is 

the identification of the trapping center and the recombination centers for the 

observed light emission. Apart from being a tool for the study of defects in solids, 

TSL has also found widespread use in radiation dosimetry, archaeological dating of 

pottery, ceramics, minerals etc; and meteorite research. 

 
Figure 2.20: Processes involved in radiation induced electron/hole trapping and 

subsequent recombination on thermal stimulation with associated luminescence 

emission. 
VB- Valence band, CB - Conduction band, Eh - Trap depth for hole, Ee - Trap depth for electron, L - Luminescent center, A -  

Hole trap and D - Electron trap. 

(a) On gamma irradiation, electrons and holes are produced and trapped at electron hole traps. (b) On thermal stimulation, 

trapped electron is released and recombines at trapped hole site. (c) e-h recombination at trapped electron site. (d) e-h 

recombination at luminescent center site. (e) Process of de trapping and re trapping (second order kinetics, a – de trapping 

probability and p- re trapping probability); (f) e-h recombination via an excited state 'E' and tunnelling. 

 

2.2.9. Photoluminescence spectroscopy (PL): 

Photoluminescence spectroscopy is analytical technique that can determine quantities 

such as emission and excitation spectra and luminescence lifetimes. By this technique, 

a sample is excited by photons (generally in UV range) and the excess energy released 

by the sample through the emission of light can be detected and recorded for different 

modes, i.e. excitation, emission and luminescence decay lifetime. A 

spectrofluorometer is an instrument capable of recording the emission spectrum or 

both the excitation and emission spectra. An emission spectrum is the wavelength 

distribution of an emission measured at a single constant excitation wavelength. An 
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excitation spectrum is the dependence of emission intensity, measured at a single 

emission wavelength, upon scanning the excitation wavelength. With a pulsed 

excitation source and a fast detector the spectrofluorometer can record the 

luminescence lifetime decay curve. A fluorescence decay time is a measurement, at 

fixed wavelength, of fluorescence signals as a function of time. A decay curve is a 

spectrum measured within a narrow time-window during the decay of the 

fluorescence of interest. Two requirements for lifetime measurements are a pulsed 

excitation source (pulse duration short in comparison with the excited-state lifetime of 

the molecule) and a fast detector. 

 

2.2.9.1. Physical principle: 

In photoluminescence spectroscopy, the species is first excited (by absorbing a 

photon) from its ground electronic state to one of the various vibrational states in the 

excited electronic state. Collisions with other molecules cause the excited molecule to 

lose vibrational energy until it reaches the lowest vibrational state of the excited 

electronic state. The molecule then drops down to one of the vibrational levels of the 

ground electronic state, emitting a photon in the process. As molecules may drop 

down into any of several vibrational levels in the ground state, the emitted photons 

will have different energies. These processes are often visualised with the Jablonski 

diagram shown in Figure 2.21. There are factors which can affect fluorescence 

intensity which is pictorially represented in Figure 2.22. 

 
Figure 2.21: A Jablonski diagram shows the possible relaxation processes in a 
molecule after the molecule has absorbed a photon (A): IC = internal conversion, 
ISC= intersystem conversion, F= fluorescence, P= phosphorescence 
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Figure 2.22: Parameters affecting fluorescence emission 

 

2.2.9.2. Instrumentation: Excitation and emission spectroscopy 

The source produces light photons. Various light sources may be used as excitation 

sources, including lasers, photodiodes, and lamps. Photons impinge on the excitation 

monochromator, which selectively transmits light in a narrow range around the 

specified excitation wavelength. With a laser excitation sources, filters may be used 

instead of a monochromator, or with a monochromator to give high quality 

monochromatic light. The transmitted light passes through adjustable slits that control 

intensity and resolution by further limiting the range of transmitted light. The filtered 

light passes into the sample. Emitted light goes through a filter to prevent the 

excitation light entering the detector and causing second order peaks. The filtered 

light then enters the emission monochromator, which is often positioned at a 90º angle 

from the excitation light path to eliminate background signal and minimize noise due 

to stray light. Again, emitted light is transmitted in a narrow range centred on the 

specified emission wavelength and exits through adjustable slits, finally entering the 

photomultiplier tube (PMT). Schematic diagram of a general purpose 

spectrofluorometer are illustrated in Figure 2.23. With most spectrofluorometer it is 

possible to record both excitation and emission spectra. An emission spectrum is the 

wavelength distribution of an emission measured at a single constant excitation 

wavelength. Conversely, an excitation spectrum is the dependence of emission 

intensity, measured at a single emission wavelength, upon scanning the excitation 

wavelength. For an ideal instrument, the directly recorded emission spectra would 

represent the photon emission rate or power emitted at each wavelength, over a 

wavelength interval determined by the slit widths and dispersion of the emission 
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monochromator. Similarly, the excitation spectrum would represent the relative 

emission of the fluorophore at each excitation wavelength. This instrument has a 

xenon lamp as a source of exciting light. Such lamps are generally useful because of 

their high intensity at all wavelengths ranging upward from 250 nm. The instrument 

shown is equipped with monochromators to select both the excitation and emission 

wavelengths. The excitation monochromator in this schematic contains two gratings, 

which decreases stray light, that is, light with wavelengths different from the chosen 

one. In addition, these monochromators use concave gratings, produced by 

holographic means to further decrease stray light. Both monochromators are 

motorized to allow automatic scanning of wavelength. The fluorescence is detected 

with photomultiplier tubes and quantified with the appropriate electronic devices. The 

output is usually presented in graphical form and stored digitally. Figure 2.24 shows 

the fluorescence spectrometer used in current studies. 

 

 
Figure 2.23: Block diagram of spectrofluorometer [113]. 
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Figure 2.24:  Photograph of the time resolved fluorescence spectrometer 

 

2.2.9.3. Instrumentation: Luminescence lifetime 

 
Time-correlated single-photon counting (TCSPC) is a well established and a common 

technique for fluorescence lifetime measurements, it is also becoming increasingly 

important for photon migration measurements, optical time domain reflectometry 

measurements and time of flight measurements.  

The principle of TCSPC is the detection of single photons and the measurement of 

their arrival times in respect to a reference signal, usually the light source. TCSPC is a 

statistical method requiring a high repetitive light source to accumulate a sufficient 

number of photon events for a required statistical data precision.  TCSPC electronics 
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can be compared to a fast stopwatch with two inputs (Fig 2.25). The clock is started 

by the START signal pulse and stopped by the STOP signal pulse. The time measured 

for one START – STOP sequence will be represented by an increase of a memory 

value in a histogram, in which the channels on the x-axis represent time. With a high 

repetition rate light source millions of START – STOP sequences can be measured in 

a short time. The resulting histogram counts versus channels will represent the 

fluorescence intensity versus time. Generally, one of the inputs to the TCSPC 

electronics (either START or STOP) will be a pulse generated by a single photon. 

Single photons can be detected by photodetectors with intrinsically high gain. The 

majority of those photodetectors are photomultipliers or micro-channel plate 

photomultipliers, but also single photon avalanche photodiodes. For statistical reasons 

it is important to ensure no more than one single photon event per light flash is 

detected. Multi-photon events will affect the histogram statistics and will yield to 

erroneous measurement results. (This is known in literature as the “pulse pile-up 

problem”.) In order to ensure that only one photon per light flash is detected; the 

photon rate is kept low in comparison to the rate of the exciting lamp; usually 5% or 

lower. 

 
Figure 2.25:   TCSPC - A fast stopwatch with two inputs [114]. 
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The main components for signal processing in TCSPC as shown in Figure 2.26 are 

constant fraction discriminators (CFD), electrical delays (DEL), the Time-to-

Amplitude Converter (TAC), Amplifier (between the TAC and ADC), Analogue to 

Digital Converter (ADC) and digital memory (Mem).  

 
         Figure 2.26: The main components for signal processing in TCSPC [114] 

At the input of the electronics, incoming pulses are evaluated with respect to pulse 

height. Only pulses higher than a given threshold will be accepted for further signal 

processing. Thus small amplitude noise pulses are readily eliminated. The constant 

fraction discriminators on both the START and the STOP input then analyse the pulse 

shape of the individual pulses. The portion of the incoming (generally negative) 

pulses with the steepest slope on the leading edge is taken as a criterion for the 

temporal position. Which portion of the slope is taken will depend on the fraction, the 

constant fraction delay (or shaping delay), and the zero crossing level. Threshold, 

fraction, constant fraction delay, and zero crossing level will depend on the type of 

detector used and need to be matched to the individual detector. At the output of the 

CFD pulses are re-shaped to a standard height and shape. They then can be delayed by 

an electronic shifting delay. This delay will later result in a left or right shift of the 

entire measurement on the time axis. The TAC is the fast clock, started by the START 

and stopped by the STOP pulse. The START pulse initiates the growth of a ramp 

signal. Depending on the arrival time of the STOP pulse the ramp will have a lower or 

higher height. Once the growth of the ramp has been stopped, the level will remain 
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constant for a defined period. The TAC output pulse can then be amplified, thus 

effectively stretching the time axis. Minimum and maximum available (amplified) 

TAC amplitude determine the time range. The amplified TAC output pulse is 

effectively an analogue pulse of a height corresponding to a measured time of a single 

START – STOP sequence. For further processing the pulse height will be measured 

by a digital pulse height measure devise, the ADC. The ADC resolution determines 

how many discrete time values are possible. All possible measured TAC pulse 

amplitudes will therefore put into different time bins. The width of the time bin is the 

ratio of the full time range and the resolution of the ADC in channels. It is the time 

resolution, usually given in picoseconds / channel or nanoseconds / channel. 
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CHAPTER 3 
3.1. General Introduction 
Oxides like ThO2 and ZrO2 find extensive application in the field of catalysis, fuel 

cell, sensor, luminescent materials etc. During the past decade, luminescent inorganic 

nanoparticles have attracted great research interest for their unique optical properties 

and potential applications in nanoscale optics, optoelectronics, optical bioprobes and 

biological detection [115-118]. Oxides with one dimensional structure like nanorods 

and nanowires are interesting due to the unique optical and catalytic properties. ThO2 

and ZrO2 are found to be very efficient hosts for luminescent materials because of 

their low phonon energy (thoria~ 450 cm-1 and zirconia~ 470 cm-1). This low phonon 

energy decreases the probability of nonradiative multi-phonon relaxation of excited 

rare earth dopant ions throughout the vibrational bands of the host lattice, which is 

considered one of the most competitive non-radiative relaxation processes for optical 

activator ions in a luminescent material. Also it is known for ThO2 that it crystallizes 

in the fluorite structure with a lattice constant of 0.56 nm. The ionic radius of Th4+ is 

0.104 nm, making the substitution of all the rare earths possible. On the other side, 

zirconium oxide (ZrO2) has also attracted a lot of attention in technology and science 

because of its properties such as superior hardness, good chemical and photochemical 

stability, high resistance to corrosion, low thermal conductivity, high thermal 

expansion coefficient, high thermo-mechanical resistance, a large dielectric constant, 

a high refractive index of 2.17 and a high optical transparency in the 0.3–8.0μm range 

with a wide optical band gap of about 5.2 eV [119]. Due to some of these properties, 

it can be used in a variety of photonics and industrial applications [120-123]. The 

optical gap of ZrO2 is commonly affected by the incorporation of activators ions that 

generally induce new optical properties in the host material. Nanocrystalline ZrO2 

doped with different rare earths has been demonstrated to present suitable optical 

properties for photonics applications due to its enhanced luminescence [124-127], 

which in turn is due to nanosized effects. Zirconia can adopt three different crystalline 

structures, that is, cubic, tetragonal, and monoclinic polymorphs. The monoclinic 

phase, stable at room temperature, is transformed to tetragonal at 1170 ◦C, and then to 

cubic at 2370 ◦C. These two high-temperature phases are unstable in bulk forms at 

ambient temperature. This is unfortunate because they are more valuable for the 

technological applications mentioned above than the room-temperature monoclinic 
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phase. Consequently, many divalent and trivalent cationic species such as Mg2+, Ca2+ 

and Y3+ have been incorporated into zirconia to prepare cubic and tetragonal zirconia 

that is stable at room temperature [128]. 

As far as thorium dioxide is concerned; most of the earlier luminescence reports are 

with dopant like Eu, Pr, Dy, Tb, Er [129-136]. To the best of our knowledge, no 

literature is available on spectroscopic investigation of Sm3+ ions in ThO2. Further 

little attention has been paid to the optical spectroscopy of Eu3+ doped ThO2 

nanocrystals such as site symmetry and luminescence dynamics. The optical 

properties of Eu3+:ThO2 with nanometre dimension may differ significantly from 

those of bulk material. This is the first report of its kind, where effect of annealing 

temperature on luminescence dynamics of Eu3+ in ThO2 is investigated in detail.  

Here, we introduced Sm3+/Eu3+ ions in nanocrystalline ThO2 materials by means of a 

versatile microemulsion based synthesis (reverse micellar route) in order to obtain 

multifunctional materials which combine the optical properties of the lanthanides with 

the matrix’s own properties. The main idea behind this technique is that by 

appropriate control of the synthesis parameters, one can use these nanoreactors to 

produce tailor-made products down to nanoscale level with new and special 

properties. The aim of this study was to lower the synthesis temperature for preparing 

thoria nanorods from thorium oxalate precursor via the surfactant (Cetyl Trimethyl 

ammonium bromide, CTAB) assisted reverse micellar route and characterize the same 

with Thermogravimetric analysis (TGA),  X-ray diffraction (XRD), High resolution 

transmission electron microscopy (HRTEM) and Photoluminescence (PL) 

spectroscopy.  Through the present work, we have tried to investigate the emission, 

excitation and lifetime studies of the samarium/europium ion in thoria matrix.  The 

sites occupied by Sm3+ ions and effect of site symmetry were also studied using time 

resolved emission spectrometry.  PL spectra of Eu3+: ThO2 nanocrystals was studied 

after annealing at higher temperatures in the range 500-900°C. Eu3+ ion occupied two 

different sites in the host and relaxes at different time intervals. The change in lifetime 

of Eu3+ at two sites with annealing temperature could be related with changes in 

structure of the host by investigating the changes in intensity of time resolved 

emission spectra of Eu3+ at two different sites.   

There are quite a few reports also available on photoluminescence of europium doped 

zirconia [137-144]. But we have employed different approach to synthesize zirconia 
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nanocubes by non-ionic assisted reverse micellar synthesis. Through this route we can 

stabilize metastable tetragonal phase at 500oC through addition of 1 mol % Eu3+ 

which is technologically more important.  We have tried to investigate the effect of 

ligand field (oxalate and oxide) on emission, excitation and lifetime studies of the 

Europium doped zirconium oxalate (precursor stage) and zirconium dioxide samples. 

In addition, Judd-Ofelt parameter and other Photophysical properties like (radiative 

transition rate, radiative lifetime, efficiency, branching ratio) of the Eu3+ ion in the 

zirconium oxalate and zirconium dioxide was evaluated by adopting standard Judd-

Ofelt (J-O) analysis procedures. These J-O parameters reflect the local structure 

around the metal ion in the host and provide information regarding nature of the 

metal-ligand bonding in the matrix.  

 

3.2. Synthesis and characterization of ThO2:Sm3+ 

nanoparticles 
3.2.1. Synthesis of ThO2:Sm3+

 nanorods 

ThO2 nanoparticles were synthesized by the thermal decomposition of thorium 

oxalate precursor .The precursors were synthesized by the reverse micellar route with 

CTAB (Cetyl trimethyl ammonium bromide as the surfactant, 1-butanol as the co-

surfactant and iso-octane as the nonpolar solvent. The weight fraction of various 

constituents in the microemulsion was 16.76% of CTAB, 13.9% of n-butanol, 59.29% 

of isooctane, and 10.05% of aqueous phase. For the synthesis of thorium oxalate 

precursor two different microemulsion, one containing 0.1M aqueous solution of 

thorium nitrate and the other containing the aqueous solution of ammonium Oxalate 

were slowly mixed and stirred for 15 h. The product was separated from 

microemulsion by centrifugation and washed with 1:1 mixture of chloroform and 

methanol and dried at room temperature. The product was decomposed at 500oC for 6 

h to obtain thorium oxide.  For preparation of samarium doped sample, appropriate 

quantities (1mol %) of samarium nitrate, Sm (NO3)3 were added at the initial stage in 

thorium nitrate microemulsion. Thorium nitrate  (99.99%) and  1 mol % of samarium 

nitrate (99.99%) were dissolved in quartz double distilled water  and stirred for 2 h at 

80–90 °. Based on ionic radii analogy composition is like Th1-xSmxO2, samarium 

occupies thorium site.  
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3.2.2. Characterization of ThO2:Sm3+ nanorods 

3.2.2.1. Thermal studies of oxalate: TGA/DTA 

TGA and DTA plots of the oxalates are given in Figures. 3.1a and b, respectively. Fig. 

3.1 show that total mass loss {49.2%} obtained during steps A–F, by heating the 

sample to 800 ◦C is in good agreement with that for the formation of thorium oxide 

from thorium oxalate hexahydrate {48.8%} [145]. Raje et al [145] have reported 

mechanism for thermal decomposition of thorium oxalate hexahydrate which was 

found to takes places in six stages. They have reported that thorium oxalate 

hexahydrate   dehydrates during step A in the temperature range of 70–165 ◦C to form 

thorium oxalate dihydrate. Formation of thorium oxalate dihydrate was also 

confirmed by the recorded HTXRD pattern [145] which matches well with the 

reported JCPDS card no. 18-1385 of thorium oxalate dihydrate. This compound has 

an orthorhombic structure with four molecular formula units per unit cell [146]. 

 

Figure 3.1: (a) TGA of thorium oxalate hexahydrate powders in air atmosphere 

(b) DTA of thorium oxalate dihydrate powders   
Step A: 70-165oC,   Step B: 165-215 oC,   Step C: 215-280oC,   Step D: 280-400oC,    Step E: 400-450 oC,   Step F: 450-520oC 

3.2.2.2. Phase purity and Structure: XRD 

Based on TGA/DTA analysis (refer to Fig.3.1a) thorium oxalate precursor was heated 

at 500°C for 6 h to obtain Thorium oxide.  

Figure 3.1b shows the DTA curve for thorium oxalate. Various exotherm shows the 

reaction taking place during the decomposition of thorium oxalate hexahydrate. Peak 

corresponding to step; A (70-165oC), B (165-215oC), C (215-280 oC) and D (280-

400oC) corresponds to loss of six water molecules in various steps. Peak D (400-

450oC) and E (450oC) correspond to Th (OH)2C2O4→ThO2 +H2O+CO2 +CO. 
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Figure 3.2 shows the XRD patterns of the Thorium oxalate and thorium dioxide. The 

recorded XRD pattern for the Thorium oxalate matches well with the reported XRD 

pattern of thorium oxalate hexahydrate with JCPDS files no. 22-1485. Based on X-ray 

line broadening technique, crystallite size of thorium oxalate nanoparticles was found 

to be about 20 nm. ThO2 crystallized in a cubic geometry with space group Fm3m 

(JCPDS file no-78-0685, shown in Fig. 3.2). The XRD data were indexed on a cubic 

system with cell parameters a = 5.597Å which. The grain size of thoria powder was 

obtained by X-ray line broadening as well as from TEM studies. Thorium oxide was 

found to have a grain size of 62 nm from X-ray line broadening studies. 

 
Figure 3.2: PXRD pattern of thorium oxalate hexahydrate and thorium oxide 

doped.  Inset in figure shows the crystal structure of thoria. 

 

3.2.2.3. Morphological studies: TEM  

To check the morphology of thoria nanoparticles, TEM images were recorded and the 

TEM image of a representative ThO2 sample is shown in Fig. 3.3. The image consists 

of nano-rods having length 2-2.5µm and diameter less than 50 nm (Fig. 3.3c). It is 

interesting to note that the surface charge (obtained by zeta potential measurements on 

thorium oxalate nanorods) was found to be negative (-9.42).  Cationic surfactants such 

as CTAB have a positive charge on their head group. This would lead to an assembly 

of surfactant molecules with a positively charged group on the surface of the nanorods 

(negative zeta potential) and subsequently affect the growth along the diameter 

(surface of the nanorods). Growth hence would be easier along the axis of the rod.  

 



Chapter 3 

 
98 

 

Figure 3.3: High resolution TEM micrograph of ThO2 

3.3. Photoluminescence properties of ThO2:Sm3+ nanorods: 

The excitation spectra of the 1 mol% sample with λem = 569 corresponding to 
4G5/2→6H5/2 emission showed intense and broad band in the  range of 200–275 nm 

and was assigned to the charge transfer band O2–→Sm3+ (CTB). The peaks seen at 

358, 406, 422 and 488 nm (the enlarger in the inset of Fig. 3.4a) were assigned to the 

f-f transitions from the 6H5/2 ground state to 4F9/2, 4K11/2, 6P3/2 + 5P3/2 and 4I9/2 + 4M15/2  

levels, respectively [147]. Upon excitation with the 250 nm, the emission spectrum 

(see Fig. 3.4b) is characterized by four bands located at 569, 609, 662 and 720 nm 

corresponding to the transitions 4G5/2→6H5/2, 4G5/2→6H7/2, 4G5/2→6H9/2 and 
4G5/2→6H11/2, respectively. Spectral features remain same on excitation with 245 nm 

(charge transfer) and 406 nm (f-f band).  Broad band at 447 nm is assigned to host 

emission [148]. 

 

 
               Figure 3.4: (a) Excitation spectra (λem- 569 nm) (b) Emission spectra 
(λex- 245 nm) of the ThO2: Sm3+ 
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               The room temperature decay curves (see Fig. 3.5a) of the PL emission 

showed a non-exponential shape. Therefore, we applied double exponential fitting 

equation, which takes into account both the fast and the slow component of the decay  

                                                                     

                                                                 (3.1)                           

 

It was reported that in ThO2 there are two sites for Th4+ ion; cubic (Oh) and trigonal 

(C3v) sites and can be occupied by rare earth ions.  Two life-times values (1.17 and 

4.90 ms) indicate the presence of Sm3+ ions in these different environments. Time 

resolved emission spectroscopy (TRES) was carried to identify the two species. TRES 

spectra after giving suitable delay time and proper gate width has been shown in 

Figure 3.5(b). The 4G5/2→6H5/2 line is observed at 569 nm, which originates from the 

magnetic dipole (MD) transition, and does not depend on chemical surroundings of 

the luminescent centre and its symmetry. However, the hypersensitive 4G5/2→6H9/2 

transition at 662 nm is magnetic-dipole forbidden and electric-dipole allowed and its 

intensity increases as the environmental symmetry become lower. The asymmetry 

ratio was found to be 0.46 and 0.39 for short lived (τ= 1.1 ms) and long lived (τ= 4.9 

ms) species respectively. The existence of two different lifetimes should be linked to 

the presence of oxygen vacancies in the structure. In these conditions, Sm3+ could 

adopt two different environments: one with eight oxygen atoms coordinated the other 

one with oxygen atoms and vacancies. Short lived species is at more asymmetric 

environment (nearer to oxygen vacancies) in comparison to long lived species which 

occupy Oh site.  

 

Figure 3.5: (a) Luminescence decay time profile of the ThO2: Sm3+ (b) TRES 

spectra for short and long lived samarium ion in thorium dioxide. 
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In order to evaluate the colorimetric performance of the phosphor, the color 

coordinates for the sample ThO2:Sm3+ (1mol %) were calculated using the intensity-

corrected emission spectra excited by 245 nm. The calculated CIE coordinates for 

ThO2:Sm3+ (1mol %)   nanorods are found to be 0.443 and 0.370, which are indicated 

in the CIE chromaticity coordinate diagram and confirm the warm white color (on the 

boundary line of CIE white domain), as shown in Fig. 3.6. The correlated color 

temperatures (CCT) is also calculated using McCamy and Kelly approximation [149, 

150]. 

 CCT(x,y) = −449n3+3525n2−6823.3n+5520.33                                                    (3.2) 

Where n = (x − xe)/(y − ye) is the inverse slope line and (xe = 0.3320, ye = 0.1858) is 

the "epicentre"; quite close to the intersection point mentioned by Kelly. The value of 

CCT (x= 0.443 and y= 0.370) for ThO2:Sm3+ (1mol %) is 2600 K   which indicated 

that White light is more close to yellowish white through red (warm color). 

 

                                     Figure 3.6: CIE index diagram of the ThO2: Sm3+ 

3.4. Synthesis and characterization of ThO2:Eu3+ 

nanoparticles 
 
3.4.1. Synthesis of ThO2:Eu3+ nanoparticles 

Eu-doped ThO2 nanoparticles were synthesized by urea combustion method 

[151,152]. In a combustion reaction, thorium nitrate gel containing appropriate 

amounts of europium [in the form of Eu (NO3)3] was mixed with urea solution in a 

molar ratio of 1:1. This solution was dried and heated at 573 K to give nanocrystalline 

powders of Th1–xEuxO2 (x=0.01). The ThO2 nanopowders thus obtained were 

annealed at 500, 700 and 900°C for 90 minutes. 
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3.4.2. Characterization of ThO2:Eu3+ nanoparticles 

3.4.2.1. Thermal studies: TGA/DTA 

The DTA and TGA investigations of combustion reaction indicated that combustion 

temperature to be around 275 ˚C (Fig. 3.7). Thermogravimetric curve of the Th–Eu 

nitrate/urea gel showed that the gel decomposed sharply at around 275 ˚C, yielding 

Eu-doped ThO2 as the final product. The exothermic peak in the differential thermal 

analysis curve at 275 ˚C is related to combustion of urea, releasing sufficient heat 

energy for the decomposition of thorium nitrate–europium nitrate leading to the 

formation of the final product.      

 

Figure 3.7: Thermogram for ThO2: Eu prepared via combustion synthesis route 
using Urea  
3.4.2.2. Phase purity and Structure: XRD 

The X-ray diffraction patterns of the product obtained by the thermal 

decomposition of metal nitrate precursor gel indicate that Th1-XEuXO2 crystallized in 

the cubic structure (lattice parameter a = 0.56 nm). The crystallite size of the ThO2 

nanocrystals was estimated from the diffraction data using the Scherrer formula   D = 

0.9 λ/βcosθ .  In this equation D is the mean crystallite size in nm, λ  is the X ray 

wavelength (0.154249 nm), and β is the full width at half maximum (FWHM) of the 
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selected XRD peak (rad) and  θ  is half of the Bragg’s angle (2θ). The   reflection 

broadening due to the diffractometer was eliminated from the βs value using a 

microcrystalline reference (silicon) βr as given in equation, β2 = βs
2 - βr

2. In the 

present work, the [111] reflection of the ThO2 (2θ) = 28 º was used in the calculation.   

As prepared Th1-XEuXO2 sample (annealed 300oC) crystallized in cubic geometry with 

space group Fm3m (JCPDS file no-78-0685, shown in Fig. 3.8). The XRD data were 

indexed on a cubic system with cell parameters a = 5.597Å. Intensity of all the 

diffraction lines increased with increasing annealing temperatures suggesting the 

improved crystallinity for the host.   

The average crystallite size was determined using Scherrer’s formula from half width 

of the most intense emission (Fig. 3.8) which varied from   5 to 43 nm on high 

temperature annealing (Table 3.1). As can be seen from Table 3.1, with increase in 

annealing temperature, unit cell volume decreases, which indicates substitution of Eu 
3+ at Th4+ site. 

X-ray line broadening takes place because of various reason like instrumental 

artefacts (Non-monochromaticity of the source, imperfect focusing) crystallite size, 

and residual strain arising from dislocations, coherent precipitates etc. Grain size from 

X-ray line broadening is obtained from Scherer’s formula. 

       

 (3.3) 

 

Where t is the crystallite size, λ is the wavelength (for Cu-Kα, λ=1.5418 Å) and B=√ 

(BM 2 −BS 2) (BM is the full width at half maximum of the sample and BS is that of a 

standard grain size of around 2 μm). From the Scherer formula, Peak width (B) is 

inversely proportional to crystallite size (L). As the crystallite size gets smaller, the 

peak gets broader.  With increase in temperature; size of crystallite increases and so B 

decreases. A smaller particle gives a broader Bragg peak. Effect of temperature on the 

broadness of strong diffraction peak (30 degree) is shown in inset of Figure 3.8. 

θ
λ

cos
94.0

B
t =



Chapter 3 

 
103 

 

Figure 3.8: Figure 2: (a) X-ray diffraction patterns for the powder samples 
obtained via combustion synthesis by annealing at different temperatures al 
along with their hkl values. (b) The standard ICDD stick patterns (JCPDS-78-
0685) that matched with the experimental pattern. (c) Effect of temperature on 
the line broadening of peak at 2θ=28o which was used for the calculation of 
crystallite size. 

Table 3.1: Average particle size and unit cell volume of thoria nanoparticles at 
different annealing temperature 
 
 
 
 
 
 
 

3.4.2.3. Morphological studies: TEM  

Figures 3.9 and 3.10 show TEM and SAED micrographs of thoria nanoparticles. 

Transmission electron microscopy (TEM) was utilized to examine the morphology of 

thoria nanoparticles. Qualitatively, the material appears to be comprised of 

interconnected thoria particles that define cavities of mesoporous (20–50 nm) 

dimensions. The nanostructure is composed of cubical primary particles with features 

in the 2-5 nm range. These particles are connected to one another to form the larger 

clusters. Selected area electron diffraction (SAED) pattern of the oxide nanoparticles 

shows crystalline nature. It exhibits diffuse rings, indicating the nanocrystalline nature 

of the sample. These rings can be indexed to thoria phase. 

Sr. No. Annealing 
Temp. (°C) 

Average Particle 
size (nm) 

Cell Volume (Å3) 

1 300 4.8 5.61803 
2 500 5.6 5.60434 
3 700 17.6 5.59035 
4 900 43.3 5.58566 
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            Figure 3.9: TEM micrographs of ThO2:Eu3+ annealed at 300oC (as 
prepared samples) under different magnifications  
 

 
            Figure 3.10: SAED micrographs of ThO2:Eu3+ annealed at 300oC (as 
prepared samples)  
 
 
3.5. Photoluminescence properties of ThO2:Eu3+  
nanoparticles 
3.5.1. Effect of annealing temperature on PL properties ThO2:Eu3+ 

nanoparticles 
To investigate the effect of annealing temperature on the PL properties of the 1.0 

mol% Eu doped thorium dioxide phosphors, the as-formed sample (finally heated at 

3000C) was further annealed at 500, 700 and 900 0C and the changes in PL emission 

intensity were measured (Figure 3.11). It was observed that, emission intensity 

increases with increase in temperature. This can be attributed to reduction in non-

radiative transitions as a result of reducing surface defects with increasing annealing 

temperature. Another interesting observation, which can be inferred from these 

studies is that in sample annealed at 300oC, 5D0→7F0 intensity is negligible and 

crystal field splitting in 5D0→7F1 and 5D0→7F2 is not that prominent as in the case of 
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samples annealed at 700/900oC. At 900 °C, along with enhancement in emission 

intensity, the peak 5D0→7F1 and 5D0→7F2 splits into three and five peaks respectively, 

which indicates that the symmetry around the Eu3+ ions is significantly lowered in this 

sample compared with in the samples heated up to 500 °C. These results confirm the 

fact that the symmetry around Eu3+ is very low for samples heated above 500 °C.  

Figure 3.12 shows the variation in asymmetric ratio (‘X’) with annealing temperature. 

This is defined as the ratio of the intensity of the 5D0→7F2 and the 5D0→7F1 

transitions (I615/I592). The electric dipole transition (5D0→7F2) is hypersensitive in 

nature than the magnetic dipole transition (5D0→7F1). Thus ‘A’ value gives indication 

regarding the symmetry and the covalence of the rare earth ion. Its value increases 

with increasing covalence of the ligands or decreasing site symmetry. As shown in  

Figure 3.12, the value of X increases with increase in temperature which indicate that 

extent of asymmetry around Eu3+ at 700/900oC is very high as compared to as 

prepared or 500oC annealed sample. Based on these observations, further 

investigations on the system were carried out on the sample, which was giving the 

best output (1.0 mol% sample annealed at 9000C). 

 
                Figure 3.11: Variation in PL emission intensity with annealing 

temperature. 
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Figure 3.12: Variation in asymmetry ratio with annealing temperature 

 

3.5.2. Excitation and emission spectroscopy of ThO2:Eu3+ (1.0 mol% 
sample annealed at 9000C) 
Figure 3.13 shows the excitation spectra (λem = 592 nm) of Eu doped thorium oxide 

sample. A broadband in the region of 220–280 nm peaking at around 256 nm has been 

attributed to the O2–→Eu3+ charge transfer band (CTB), which is caused by the 

electron transfer from 2p orbits of O2– ions to 4f shells of Eu3+ ions. The sharp lines in 

300-400 nm are attributed to intra-configurational 4f-4f transition of Eu3+ in host 

lattice. The peaks observed at 320, 360, 380, 395, 420, 460, 480 and 500 nm were 

assigned to electronic transitions of 7F0 → 5H3, 5L9, 5L7, 5L6, 5D4, 
5D3,

5D2 and 5D1 

respectively.  Expanded spectra of f-f lines at different annealing temperature are 

shown in Figure 3.13. 

In ThO2, Th4+ ions occupy a site of Oh symmetry. Replacing tetravalent ions by 

trivalent ions will require positive charge compensation to maintain the electrical 

neutrality. The compensation can be achieved at some distance by Th4+ interstitial 

ions. Then several centers are expected in this matrix. Apparently, the doping 

concentration has a very important role in determining the site symmetry [153]. 

Linares [153] studied this aspect and came to the conclusion that the cubic sites Oh 

would be predominated at low rare-earth concentration and the trigonal C3v at high 

concentration.  

Upon excitation at charge transfer band, the emission spectrum exclusively contains 

very weak lines of 5D2→7F0 (465 nm), 
5D2→7F2 (490 nm), 5D2→7F3 (510 nm), 
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5D1→7F1 (535 nm), and 5D1→7F2 (555 nm) and the relatively strong bands of 5D0→7F0 

(579 nm),5D0→7F1 (592 nm), 5D0→7F2 (614 nm), 5D0→7F3 (653 nm) and 5D0→7F4 

(704 nm). 5D1, 2, 3→7FJ lines usually appear in a compound with low-lattice phonon 

energy, which leads to multiphonon relaxation. They are usually difficult to occur 

among the levels of Eu3+. As shown in Fig. 3.14, the emission spectra of ThO2:Eu3+ 

nanoparticles consist of emissions from the higher energy levels (5D1 and 5D2) also. 

The presence of emission lines from higher excited states of Eu3+ is attributed to the 

low vibration energy of Th-O groups. Multiphonon relaxation by thoria is not able to 

bridge the gaps between the higher energy levels and the 5D0 level of Eu3+ completely, 

resulting in weak emissions from these levels.  

The orange emission at 592 nm belongs to the magnetic dipole 5D0-7F1   transitions of 

Eu3+, and the transition hardly varies with the crystal field strength. The red emission 

at about 615 nm ascribes to the electric dipole 5D0-7F2   transitions of Eu3+, which is 

very sensitive to the local environment around the Eu3+ and depends on the symmetry 

of the crystal field. The intensity ratio of 5D0→ 7F2 to 5D0→ 7F1 may provide structural 

hints such as the distortion of CF environment and the site symmetry. The fact that 
5D0→ 7F1 line at 594 nm (MD) is very strong in comparison to 5D0→ 7F2 line at 614 

nm (ED) as can be seen from Figure 3.14 indicates that Eu3+ occupy (cubic) 

symmetric environment with inversion symmetry (Oh). But the appearance of several 

weak lines in the spectra in addition to the allowed transitions for Oh symmetry 

indicates that other Eu3+ sites may be coexisting. 

 
Figure 3.13: Excitation spectra of powder sample of ThO2:Eu3+ 1.0 mol% 

annealed at 900oC.  
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Figure 3.14: Emission spectra (λex-256 nm) of ThO2:Eu3+ 1.0 mol% annealed at 

900oC 

When the Eu3+ ion is inserted into a chemical environment, the (2J + 1)-degenerate J-

levels are split by ligand-field effects into so-called Stark sub-levels, the number of 

which depends on the site symmetry of the metal ion. Here again, the Eu3+ ion is used 

as a local crystal-field probe to characterize the structure and site symmetry, as done 

by different groups including ours [154-158]. 

Radiative transitions from 5D0 to levels with J = 0 or odd J (J =3, 5) are both ED and 

MD forbidden, and only weak transitions from 5D0 to these levels are observed due to 

CF induced J-mixing effect [159]. Moreover, the 5D0→ 7F0 transition is only allowed 

in the following 10 site symmetries: Cs, C1, C2, C3, C4, C6, C2V, C3V, C4V, and C6V, 

according to the ED selection rule [160]. 

The fact that 5D0→ 7F1 line at 594 nm (MD) is very strong in comparison to 5D0→ 7F2 

line at 614 nm (ED) indicates that Eu3+ occupies (cubic) symmetric environment with 

inversion symmetry (Oh). The 5D0→ 7F0 transition, which is only allowed in the 10 

point group symmetries aforementioned, was observed in the emission spectrum. In 

cubic ThO2 structure, Th4+ ions occupy a site of Oh symmetry. The substitution of 

Th4+ with Eu3+ may result in significant lattice distortion and thus descend the original 

Oh site symmetry to very low symmetry viz. Cn or Cnv. According to the branching 

rules of various  point groups [161], if Eu3+ ions at Th4+ site situate at C4V/ C6V or 

C4/C6 site, only two lines for J = 0 →J = 1 transition and two lines for J = 0 →J = 2 

transition are allowed. If Eu3+ ions are situated at C3/C3v, there should be two lines for 
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J = 0 →J = 1 transition and three lines for J = 0 →J = 2 transition. If Eu3+ ions are 

situated at C2v, there should be three lines for J = 0 →J = 1 transition and four lines 

for J = 0 →J = 2 transition. As a matter of fact and as can be seen from Figure 3.15, 

three lines for J = 0 →J = 1 transition and five lines for J = 0 →J = 2 transition of 

Eu3+ were resolved. It infers that the actual site symmetry of Eu3+ is very likely 

reduced to a lower symmetry than C2V (that is, C2, Cs, or C1), due to the difference of 

ionic radius and charge imbalance between Eu3+ and Th4+. So it can be inferred from 

these discussions that Eu3+ occupies two sites in nanocrystalline ThO2, cubic (Oh) and 

non-cubic (<C2v). It is contrary to the result obtained by Yin et al [162] in bulk ThO2, 

where they have found the site symmetry of europium ion to be Oh and C3v. Because 

of smaller particle size and higher surface –to-volume ratio, oxygen can easily be 

adsorbed and thus oxygen defect were formed in nanocrystalline ThO2 during the 

synthesis procedure in air. These oxygen defects significantly influenced the crystal 

field environment of Eu3+. 

 
Figure 3.15: Emission spectra (λex-256 nm) of ThO2:Eu3+ in different transition   

region 
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3.5.3. Time resolved emission spectroscopy of ThO2:Eu3+ (1.0 mol% 
sample annealed at 9000C) 
In ThO2 structure; Eu3+ occupy two sites cubic (Oh) and non-cubic (<C2v) as can be 

confirmed from our emission studies. To get an idea about the nature of the dopant 

ion occupancy in these lattice sites, PL decay time (life time) studies were conducted. 

The decay curves corresponding to the 5D0 level of Eu3+ ions in the 1.0 mol % Eu3+ 

doped ThO2 shown in Figure 3.16 at excitation wavelength of 256 nm, monitoring 

emission at 592 nm.  For ThO2: Eu, a good fit was found to a biexponential decay 

using the similar equation as mentioned in equation (3.4).  

                                                       

                                                          (3.4) 

Here the τf represents the lifetime of the fast decaying component and τs represents 

the lifetime of the slow decaying component. A1 and A2 are residual weightage.  

 
Figure 3.16: Decay curves for the 5D0 level of Eu3+ in ThO2: Eu samples annealed 
at different temperatures. Samples were excited at 256 nm and emission was 
monitored at 592 nm for the as-prepared (300oC) and 500, 700 °C and 900oC 
heated samples. 
 
Broadly, the analysis showed the presence of two components; one short lived and 

one long lived.  The life time values and their relative fraction at different annealing 

temperature are tabulated in table 3.2. 

This suggested that the Eu3+ occupied two different sites in ThO2 in all the samples 

annealed at different temperatures. Assuming a given phonon energy (same host for 

the lanthanide ions), a relatively longer PL decay time should be attributed to a more 
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symmetric site, as the f-f transition becomes more forbidden, whereas a shorter decay 

time is often associated with an asymmetric site due to relaxation in the selection 

rules. In ThO2 structure, Eu3+ ions occupy two sites; cubic (Oh) and non-cubic (<C2v) 

as can be confirmed from our emission studies. Short lived species T1 (~1.3-3.4 ms) 

(which is predominates at higher annealing temperature) arises, because of Eu3+ ions 

occupying non-cubic (<C2v) site without inversion symmetry, whereas long-lived 

species T2 (~4.6-6.6 ms) can be ascribed to Eu3+ ions occupying cubic (Oh) with 

inversion symmetry. Such site selective spectroscopy of Eu3+ in hosts like silicate, 

cerate, zirconate and pyrophosphate where multiple sites are available for occupancy, 

has already been reported by our group [154, 157-158]. 

Table 3.2: Life time data for ThO2: Eu at λex-403 nm and λem-592 nm under 
different annealing temperature (parentheses represents the percentage of that 
particular species) 

 

The lifetime values for both T1 and T2 increase with annealing temperature. Increase 

in decay time can be attributed to reduction in non-radiative transitions as a result of 

reducing surface defects with increasing annealing temperature up to 900°C. But the 

interesting observation as can be seen from Figure 3.17 is that for the as-prepared 

sample and 500oC annealed sample the percentage of short lived species is 

considerably small and long lived is fairly large. But situation reverses at higher 

temperature; wherein percentage of short lived species is larger than long lived 

species. This is because of the fact that at higher temperature majority of Eu3+ ions 

tunnels to low symmetry non-cubic site (<C2v) as discussed earlier using emission 

spectra. 

Temperature(oC) Short lived species, T1 (in 

ms) 

Long lived species, T2 

(in ms) 

300 1.30 (13 %) 4.60 (87%) 

500 2.15 (19 %) 4.85 (81 %) 

700 3.25 (65 %) 5.25 (35 %)  

900 3.35 (85 %) 6.55 (15 %) 
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Figure 3.17: Effect of annealing temperature on the fraction of short and long 
lived species 
In case of as prepared sample and 500oC annealed sample, fraction of long lived 

species (T2) is larger than short lived species (T1). This is because of the fact that at 

330 and 500oC, the predominant site occupied by Eu3+ is cubic (Oh) as is evidenced 

from figure 3.11 and the related explanations mentioned there. At 700/900 °C, along 

with enhancement in emission intensity, the peaks 5D0→7F1 and 5D0→7F2 split into 

three and five peaks respectively, which indicates that the symmetry around the Eu3+ 

ions is significantly lowered compared with that in the samples heated up to 500 °C. 

These results confirm the fact that the symmetry around Eu3+ is very low for samples 

heated above 500 °C. 

In order to identify the environment associated with the species exhibiting 

different life-times, time resolved emission spectra (TRES) were recorded at different 

time-delays with constant integration time. Spectra for long lived (T2) and short lived 

(T1) species obtained after mathematical calculations at different annealing 

temperature are shown in the Figures 3.18 and 3.19 respectively. The 5D0→7F1 line is 

observed at 592 nm, which originates from the magnetic dipole (MD) transition, and 

does not depend on chemical surroundings of the luminescent centre and its 

symmetry. However, the hypersensitive 5D0→7F2 transition at 615 nm is magnetic-

dipole forbidden and electric-dipole allowed and its intensity increases as the 

environmental symmetry become lower. It can be seen from Figure 3.18 that for long 

lived species 5D0→ 7F1 line at 594 nm (MD) is stronger than 5D0→ 7F2 line at 615 nm 

(ED) in samples annealed at all the temperatures. This is in correspondence with 

phonon energy concept, where long lived species will have more symmetric 

component than short lived species. As far as short lived species is concerned, integral 
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intensity of   5D0→ 7F2 line at 615 nm (ED) is stronger than 5D0→ 7F1 line at 594 nm 

(MD); as can be seen from Figure 3.19. 

 
Figure 3.18:  Time resolved emission for long lived component 

 
 

 
Figure 3.19:  Time resolved emission for short lived component 

 
3.6. Synthesis and characterization of ZrO2:Eu3+ nanocubes 
 
3.6.1. Synthesis of ZrO2:Eu3+ nanocubes 

ZrO2 nanoparticles were synthesized by the thermal decomposition of zirconium 

oxalate precursor using the similar way as explained in section 3.2.1 for synthesis of 

ThO2. The precursors were synthesized by the reverse micellar (microemulsion) route 

with Tergitol [(C9H19 (C6H4) (OCH2CH2)2OH)] (Sigma Aldrich) as the surfactant, 1-

octanol (Qualigen, Mumbai, India) as the co-surfactant and cyclohexane 

(Spectrochem) as the nonpolar solvent. Two different micro emulsions A and B were 

prepared. Micro-emulsions A consist of 9 mL of 0.1 M zirconium nitrate, 27 mL of 



Chapter 3 

 
114 

Tergitol (surfactant), 18 mL of 1-octanol (co-surfactant) and 180 mL cyclohexane 

(non polar solvent). Micro-emulsions B consist of 9 mL of 0.1 M ammonium oxalate, 

27 mL of Tergitol (surfactant), 18 mL of 1-octanol (co-surfactant) and 180 mL 

cyclohexane (non polar solvent) These two micro-emulsion were mixed slowly and 

stirred overnight on a magnetic stirrer, and the resulting precipitate was separated 

from apolar solvent and surfactant by centrifuging at the rate of 4000 rpm for 30 min 

and washing it with acetone. The precipitate was then dried in air. The product was 

decomposed at 500oC for 6 h to obtain zirconium oxide.  For preparation of Eu doped 

sample, appropriate quantities of europium nitrate, Eu (NO3)3 were added at the initial 

stage, after adding zirconium nitrate.  

 

3.6.2. Characterization of ZrO2:Eu3+ nanocubes 

3.6.2.1. Thermal analysis: TGA 

Figure 3.20 shows recorded thermogram of the undoped zirconium oxalate sample in 

air up-to 800°C. Weight loss was observed in two distinct steps; first step corresponds 

to the water loss (17. 8154 %, 6.8589 mg) with observed weight loss matching with 

the calculated loss. Second step corresponds to the decomposition of the zirconium 

oxalate and finally forming ZrO2, observed weight loss was in agrrement with the of 

calculated weight loss (41.5612 %, 16.0010 mg). Based on TGA/DTA analysis (refer 

to Fig. 3.20) zirconium oxalate precursor was heated at 500°C for 6 h to obtain 

zirconium oxide. The zirconium oxalate precursor, obtained using reverse micellar 

method was found to be amorphous. 
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Figure 3.20: TGA/DTA plot for the decomposition of zirconium oxalate. The 
black line represents the TGA curve. The red line represents the DTA curve 
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3.6.2.2. Structural analysis: XRD 

Figure 3.21a shows the XRD recorded of the final ZrO2 formed. XRD shows it is the 

mixture of Monoclinic and tetragonal phases. Monoclinic phase was found in majority 

with 93% by weight basis.  

Figure 3.21b displays the XRD patterns of Eu3+ doped ZrO2 sample obtained after 

heating zirconium oxalate at 500 °C for 6 hours that shows reflections peaks that can 

be indexed to the fluorite-like tetragonal structure. Evidence of the tetragonal 

symmetry might be obtained in the high angle region of the XRD pattern, i.e. a non-

symmetric line shape around 2θ = 35◦ which is originated from the splitting between 

[0 0 2] and [1 1 0] peaks. 

Majority phase observed in the XRD pattern corresponds to the tetragonal phase (high 

temperature phase) which is stabilized by the doping of 1 % Eu3+. Small amount of 

monoclinic phase (room temperature phase) approximately 5% on weight basis was 

also detected. The reflections are markedly broadened, which indicate that crystallite 

size of ZrO2:Eu3+ nanoparticles are small.  

 
         Figure 3.21: Rietveld- refined X-ray diffraction pattern of (a) ZrO2 (b)  

ZrO2:Eu3+ 

 
Approximate crystallite size determined by XRD analysis is 10 nm. This size is small 

compared to the particle size determined from HRTEM analysis thus indicating that 

many crystallite agglomerates to form single particle. Structure of monoclinic and 

tetragonal phase of zirconia is pictorially represented in Figure 3.22. 

The crystal structure of tetragonal ZrO2 is a simple cubic (primitive) with the space 

group P42/nmc. The symmetry of lattice for monoclinic is 2/m (C2h) and the 

symmetry lattice for tetragonal is 4/mmm (D4h). It is known that synthesizing ZrO2 
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particles with metastable tetragonal crystal structures is very important for 

technological purposes. On doping Eu3+ oxygen vacancies are created which are 

responsible for the formation of the tetragonal phase instead of the 

thermodynamically stable monoclinic phase upon crystallization. The process is 

assigned to the creation of oxygen vacancies and their association with the Zr4+ 

cations whereas the dopants tend to form 8-fold coordination with oxygen [163]. It is 

acknowledged that the thermally treated ZrO2 doped with an oversized trivalent ion 

(Eu3+ has an ionic radius of 1.066 Å compared to 0.84 Å of Zr4+) in eight-fold 

coordination generates minor host distortion and oxygen vacancies that are supposed 

to associate with the europium in the next nearest-neighbour sites. This induces the 

eight-fold coordination of europium and seven-fold coordination of Zr4+ to oxygen 

(O) similar to its environment in the monoclinic zirconia.  

 
Figure 3.22: Structure of (a) monoclinic and (b) tetragonal phases of zirconia 

 

For incorporation of Eu3+ ion at the Zr4+site, three Zr4+ ions must be replaced with 

four Eu3+ ions; during this process, an anion vacancy is generated in the lattice. This is 

schematically represented using Kroger-Vink notation as  

ZrO2                              +                                                                              (3.5)                          

3.6.2.3. Vibrational spectroscopy-FTIR 

The IR spectra of zirconium oxalate nano particles prepared from Tergitol have been 

given below in Fig. 3.23. The structural functionality present in the oxalate nano 

particles may be explained from the characteristic absorption bands in the IR spectra, 

especially those associated with the keto and carboxylato groups. We  find IR bands 

for OH stretch at 3457 cm-1 due to presence of water of crystallization ,  C=O 

stretching mode at 1715 cm-1 , C-C=O bending mode at 503.7 cm-1 , COO-1 
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(carboxylate group) stretching mode at 1319 cm-1 and C-O stretching mode at 1362 

cm-1 in oxalate. 

 
                         Figure 3.23:     FTIR spectra of zirconium oxalate 

3.6.2.4. Size and morphology-HRTEM 

HRTEM studies showed that, the particles are uniformly distributed and mostly of 

cube morphology as shown in Figure 3.24.  Moreover the ZrO2 nanocubes show 70 

nm size grain, which were highly uniform and monodisperse in nature. It is 

remarkable that all the samples have same morphology. These images exhibited 

homogeneous aggregates with a cube-like aspect, which are composed of large 

number of small grains. The average grain size of the particles of ZrO2 obtained from 

the X-ray studies is found to be 10 nm. TEM studies shows nearly uniform, but 

slightly agglomerated particles having a grain size of 70 nm (Fig. 3.24). TEM studies 

showed that, the particles in both the samples (zirconium oxalate and zirconia) are 

uniformly distributed and mostly of cube morphology. Moreover the initial precursor, 

obtained at room temperature (Fig. 3.24a), shows 10-20 nm size particles, which were 

highly uniform and monodisperse in nature. After heating at 500oC, the particle size 

was found to be 80-100 nm.  
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Figure 3.24:  HRTEM image of (a) zirconium oxalate (precursor) (b) zirconia  

nanoparticles 
 

3.7. Photoluminescence spectroscopy 

3.7.1.  Emission and life time spectroscopy of undoped zirconium 
oxalate and zirconia: 
Under steady state excitation into the charge transfer band at 365 nm, nanocubes 

shows a broad band ranging (Figure 3.25 a) from 400- 600 nm centered at 475 nm in 

case of zirconium oxalate and 450 nm in case of zirconia. Zr4+ itself is nonluminous 

and has no extrinsic activators; so the observed luminescence from ZrO2 is attributed 

to presence of surface defects and oxygen vacancies. Large amounts of surface 

defects should exist on the as-synthesized nano-ZrO2 particles, because of their high 

surface area built into the -Zr-O- networks [164, 165].  

The luminescence decay curves (Figure 3.25b) can be also fitted to a single-

exponential function such as I = I0 exp (-t/τ) (τ is the lifetime), from which the 

lifetimes are determined to be 6.02 and 5.81 ns, respectively for zirconium oxalate 

and zirconium oxide samples. 

When the reaction was finished, zirconium oxalate cubes were collected and washed 

with 1:1 chloroform –methanol mixture by centrifugation to remove the mostly 

organic compounds. The residual Tergitol and other organic moiety (cyclohexane and 

1-octanol) still existed in the zirconia networks. In the subsequent annealing process, 

part of the organic groups decomposed into H2O and CO2 and escaped from the 

system. However, minor amounts of them might have  decomposed to create a carbon 
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substitutional defect for Zr in zirconia networks (-Zr-O-C-O-Zr-), which is assumed to 

be the luminescent species in the lattice [166].  

 
Figure 3.25: Emission spectra (a) and fluorescence decay profile (b) of zirconium 

oxalate and zirconium oxide nanoparticles  
 

3.7.2.  Excitation, emission and life time spectroscopy of Eu3+ doped 
zirconium oxalate and zirconia: 
The excitation spectra (Figure 3.26(a)) were acquired by fixing the emission 

wavelength at 613 nm corresponding to the 5D0→7F2 transition of Eu3+ ion for Zr 

(C2O4)2.nH2O: 1%Eu and 606 nm related to the 5D0→7F2 transition for ZrO2:1%Eu. In 

order to distinguish the differences in the spectra of the two samples, the intensities of 

these excitation spectra were normalized. The principle features consist of a broad 

band corresponding to transitions from the 7F0 ground state to charge transfer (CT) 

state due to the europium–oxygen interaction and some weak peaks between 340 and 

450 nm corresponding to f–f transitions of Eu3+. 

The excitation peaks of oxalate and oxide samples are centered at 248 and 270 nm, 

respectively, indicative of a red-shift orientation, when ligand is changed from oxalate 

to oxide ion. Oxalate is strong ligand compared to oxide ion. Therefore, it could be 

easier for the electronic transition from the 2p orbital of O2− to the 4f orbital of Eu3+ in 

the zirconia compared to zirconium oxalate and thus the CTB energy of Eu3+ is less in 

zirconia than zirconium oxalate. Figure 3.26(b) shows the emission spectra of 

zirconium samples under the different excitation wavelengths of 248 nm (Zr 

(C2O4)2.nH2O: Eu), and 270 nm (ZrO2: Eu) respectively.  
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In europium, the 5D0–7F1 transition is mainly magnetically allowed (a magnetic-dipole 

transition), while 5D0–7F2 is a hypersensitive forced electric-dipole transition, being 

allowed only at low symmetries with no inversion centre. Thus, the intensity ratio 

I5D0–7F2 /I5D0–7F1 serves as an effective spectroscopic probe of the site symmetry in 

which europium is situated i.e. the higher the ratio, the lower the site symmetry.  

Upon excitation into CTB of Eu3+, the emission spectra of both the samples showed 

similar profiles, which are composed of 5D0–7FJ (J = 1-4) emission lines of Eu3+, with 

the 5D0–7F2 transition being dominant. The 5D0–7F2 transition belongs to the forced 

electric-dipole transition, indicating that Eu3+ is located at a low symmetry without an 

inversion centre. From the results of the XRD, ZrO2:Eu3+ adopts tetragonal symmetry 

with space group of P42/nmc and the site symmetry for Zr4+ is D4h. The substitution 

of Eu3+ for Zr4+ will cause defects (4Eu3+ = 3Zr4+ + anion vacancy) in the host lattice, 

making the site symmetry of Eu3+ deviate from the D4h symmetry. So, 5D0–7F2 red 

emission of Eu3+ dominates the emission spectra in ZrO2 with an asymmetry ratio 

value of 1.66. 

The enhancement of the emission intensities in case of zirconia nanoparticles w.r.t to 

zirconium oxalate is related to the temperature of heating and is ascribed to two other 

factors as well: one is the growth of the ZrO2 particles, and the second is the loss in 

the amount of oxalate and hydroxyl groups, which lowers the multiphonon relaxation 

rate. Here, we believe that the loss of hydroxyl groups is the dominant factor to 

increase the emission intensity with increasing the temperature of heating. FTIR 

spectra (Figure 3.23) support the presence of high frequency oscillator like OH and 

CO groups, which are known fluorescence quenchers. According to configurational-

coordinate model [167], it is known that emission band shifts to lower wavelength, if 

the crystal field is weak. The emission band due to 5D0–7F2 shifts from 613 to 606 nm 

in case of zirconia because oxide ion (O2-) exerts less crystal field than oxalate ion 

(C2O4
2-). 

Further the appearance of a narrow 606 nm peak is a strong indication of emergence 

of a symmetrical crystalline phase, which is typically related to tetragonal phase 

[163]. 
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Figure 3.26 (a): Excitation spectra (b): Emission spectrum powder sample of 

zirconium oxalate and zirconium oxide nanoparticles  

The room temperature decay curves of the PL emission showed non-exponential 

shape. Therefore, we applied double exponential fitting equation same as 3.4, which 

takes into account both the fast and the slow components of the decay  

It is worth mentioning that this provides a mathematical strategy, useful for the 

calculation of a representative effective lifetime τav for each system, according to the 

following equation: 

                                                                                                (3.6) 

As seen from Figure 3.27 and Table 3.3, for both the systems, decay curves display 

two life-times indicating the presence of Eu3+ ions in two different environments. It is 

reported that in nano-sized phosphors rare earth ions exhibit two lifetimes, one arising 

out of conventional emission and other is the lifetime of the same level of rare earth 

ions near and/or on the surface [168-170]. ZrO2:Eu3+ exhibits long lifetime than Zr 

(C2O4)2.nH2O: Eu3+,  because of removal of high frequency oscillators like C-H, O-H 

etc in case of zirconia which are fluorescence quenchers. It can be seen from the 

values that, when excited at the CTB position, biexponential behavior is observed, 

indicating that, there are two different types of europium species in the in zirconia 

matrix; one short lived species (τ~197  µs, fast decaying species-t1) and one long lived 

species (τ~870 µs, slow decaying species-t2). Fast decaying species corresponds to 

conventional/surface emission. 
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Figure 3.27: Luminescence decay time profile of the Eu doped zirconium oxalate 

and zirconium oxide nanoparticles  

Table-3.3: Life times for Eu3+species in zirconium oxalate and zirconia 

Systems τ1(µs) τ2 (µs) τavg (µs) 

Zr (C2O4)2.nH2O:Eu3+ 273  644  398 

ZrO2:Eu3+ 197  870 622 

 

The J–O analysis of the emission spectrum is a powerful tool for calculating the 

parity-forbidden electric-dipole radiative transition rates between the various levels of 

a rare earth ion such as Eu3+. Through these analyses, the local environment around 

the metal ion can be interpreted. It is possible to determine the J-O intensity 

parameters Ωλ (where λ = 2, 4 and 6 etc.) from the emission spectral data. For these 

analyses, the corrected emission spectra with respect to the source and detector 

response were taken into consideration. The details of these analyses of the emission 

spectra for calculating the J-O parameters of Eu3+ ion in various matrices are 

discussed 1.2.4.2.  The J-O parameter, Ω2 exhibits dependence on the covalence 

between rare-earth ions and ligands and gives information about the asymmetry of the 

local environment of Eu3+ site. The Judd-Ofelt parameter and other properties 

calculated for Eu3+ in zirconia is mentioned in table 3.4. 
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 Table 3.4:  J-O intensity parameters and radiative properties for Eu3+ in ZrO2 

Transition ARed 

(s-1) 

ARmd 

(s-1) 

ΩJ 

(10-20 

cm2) 

βJ 

(%) 

η 

(%) 

AR 

(s-1) 

ANR 

(s-1) 

5D0 → 7F1 0 147 - 14.3 64.1

 

1030 

 

578 

 5D0 → 7F2 628 0 5.63 60.9
5D0 → 7F4 116 0 2.35 11.3

 

It is well known that the parameter Ω2, is an indication of the dominant covalent 

nature and/or structural changes in the vicinity of the Eu3+ ion (short range effects), 

while Ω4 intensity parameters are long range parameters that can be related to the bulk 

properties such as viscosity and rigidity of the inorganic matrices. The Ω2 parameter 

is related to the degree of covalence and polarizability of the chemical environment 

experienced by the Eu3+ ion; higher Ω2 values point to more covalent and polarizable 

environments. High values of the Ω2 parameters can also be related to high asymmetry 

of the Eu3+ surrounding environment. This is well in agreement with high asymmetry 

value of Eu3+ in zirconia. The calculated τR for the excited 5D0 level of Eu3+ ion is 

found to be 0.97 ms, which is larger than the τexp (0.622 ms). This difference in τexp 

and τcal can be attributed to nonradiative decays. The trend in branching ratio- 

suggests most of radiative energy goes in the 5D0 → 7F2 transition.  

3.8. Summary: 

Sm3+ and Eu3+ behave differently in nanocrystalline ThO2. Emission spectroscopy 

shows warm white light emission in ThO2:Sm3+, whereas intense red emission is 

observed in case of ThO2:Eu3+.  Biexponential decay is observed for Sm3+ as well as 

for Eu3+ in ThO2. In both cases, longer lived species is due to the presence of 

Sm3+/Eu3+ ion in cubic (Oh) site with inversion symmetry. But in case of Sm3+ doped 

thoria, shorter species is due to its presence on the surface of nanocrystals, whereas 

europium behaves distinctly in nano ThO2; short lived species T1 (~1.3-3.4 ms) arises 

because of Eu3+ ions occupying non-cubic (<C2v) site without inversion symmetry. It 

was also observed in case of ThO2:Eu3+ that extent of asymmetry around Eu3+ at 

700/900oC is very high as compared to as prepared or 500oC annealed sample.  Short 

lived species T1 (~1.3-3.4 ms) predominating at higher annealing temperature arises 

because of Eu3+ ions occupying non-cubic (<C2v) site without inversion symmetry, 
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whereas long-lived species T2 (~4.6-6.6 ms) can be ascribed to Eu3+ ions occupying 

cubic (Oh) sites with inversion symmetry. 

Nanocrystalline ZrO2 and ZrO2:Eu3+ were prepared using non-ionic surfactant 

(Tergitol) assisted reverse micellar route. Through this route, we could stabilize 

metastable tetragonal phase of zirconia at 500oC through addition of 1 mol % Eu3+, 

which is technologically more important. Eu (III) in zirconia behaves similar to Sm 

(III) in thoria in terms of site occupancy. It was observed that emission intensity and 

lifetime of europium ion in the oxalate phase is less than in zirconia. This is related to 

the association of the water molecules in the oxalate phase, wherein the nonradiative 

process from the water molecules surrounding Eu3+ is dominating over the radiative 

process. On annealing above 500 oC, luminescence intensity increases due to 

significant removal of water and conversion of oxalate to oxide. In addition, Judd-

Ofelt parameter and other photo-physical properties (radiative transition rate, radiative 

lifetime, efficiency, and branching ratio) of Eu3+ ion in zirconium dioxide were 

evaluated by adopting standard Judd-Ofelt (J-O) analysis procedures.  
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CHAPTER 4 
        
 

4.1. General Introduction 
 
The energy levels of the lanthanide ions in a range of crystals were investigated and 

tabulated by Dieke et al. in 1968 [171], and rare-earth ions have been extensively used 

as the active ions in phosphors for several decades. The rare-earth ions are 

characterized by a partially filled 4f shell that is well shielded by 5s2 and 5p6 orbitals. 

The emission transitions, therefore, yield sharp lines in the optical spectra. The use of 

rare-earth element-based phosphor, based on “line-type” f–f transitions, can narrow to 

the visible, resulting in both high efficiency and a high lumen equivalent. It is 

therefore, necessary to find a stable, inorganic rare-earth-based phosphor with high 

luminescent efficiency. The luminescence properties of the trivalent rare earth or 

lanthanide cations in solution and in the solid state are characterized by narrow 

emission bands and relatively long luminescence lifetimes of up to milliseconds. 

Except for lanthanum (La3+) and lutetium (Lu3+), each lanthanide ion has its specific 

emission bands: for example, the lanthanide ion europium (Eu3+) emits red light, 

terbium (Tb3+) green light, and neodymium (Nd3+), ytterbium (Yb3+), and erbium 

(Er3+) near-infrared light. These characteristics have led to the application of 

lanthanide ions as probes in fluoroimmunoassays (Eu3+ and Tb3+), [172, 173] laser 

systems (e.g. Nd3+), [174] and optical amplifiers (Er3+ and Pr3+) [175]. The host 

material of the lanthanide ions can be organic (an organic ligand with lanthanide 

complexing moieties) or inorganic (a glass or a crystal), which can have a profound 

influence on the luminescence properties. Among the materials currently evaluated as 

host for lanthanide ions, in this work our attention was focused on alkaline earth 

silicates. These materials are characterized by good transmission properties in the 

visible part of the electromagnetic spectrum and by relatively low phonon energies. 

They can be efficiently doped with lanthanide ions, due the similarity between the 

ionic radius of the alkaline earth and the lanthanide ions. Therefore these materials are 

prospective high efficiency luminophors and are attracting increasing interest for 

photonics and optoelectronics applications. Indeed alkaline earth silicates are resistant 

to many chemicals and air exposure and can also be grown with low-cost techniques. 
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Oxide-based hosts have received considerable attention for use in flat-panel displays 

due to their luminescent characteristics, stability in high vacuum, and the absence of 

corrosive gas emission under electron bombardment, as compared to currently used 

sulfide-based phosphors [176]. Therefore, oxide-based phosphors are likely to emerge 

as the choice for field emission diodes (FED) green or red phosphors. Among these, 

strontium silicate is an excellent matrix due its stable crystal structure, good 

mechanical strength and high thermal stability provided by the tetrahedral silicate 

(SiO4)2- group [177]. Sr2SiO4 has attracted interest due to its special structural features 

and potential application in developing white light-emitting-diodes (LEDs), because 

GaN (400 nm chip) coated with Sr2SiO4 : Eu2+ exhibits better luminous efficiency 

than that of industrially available products such as InGaN (460 nm chip) coated with 

YAG : Ce [178].  The optical band gap of alkaline earth silicate is in the range of 4-7 

eV and therefore these materials are characterized by good transmission properties in 

the visible part of the electromagnetic spectrum.  

Eu3+ is often used as a structural probe [154, 157, 158,  177-178] , because of the 

relative simplicity of its energy-level structure and the fact that it possesses non-

degenerate ground (7F0) and excited (5D0) states, and because the absorption and 

emission spectra of this ion show marked dependence on its site symmetry in the host 

material . The orange emission (590–600 nm) of Eu3+ due to the magnetic dipole 

transition (MDT) 5D0→7F1 is not affected much by the site symmetry, because it is 

parity-allowed, while the red emission (~610–630 nm) due to the electric dipole 

transition (EDT) of 5D0→7F2, being hypersensitive, is affected by the site symmetry 

of Eu3+ ion [154, 157, 158, 177-179]. In a crystal site with inversion symmetry the 

EDT are strictly forbidden and the MDT are usually the dominant emission lines. In a 

site without inversion symmetry the strength of EDT is higher. The 5D0→7F2 

transition is usually the strongest emission line in this case, because transition with ΔJ 

= ±2 is hypersensitive to small deviation from inversion symmetry. The symmetry 

around the lanthanide ion can thus be obtained from the shape of the emission 

spectrum of Eu3+ ion. Luminescence spectrum of Dy3+ consists of two relatively 

intense bands in the visible spectral region that correspond to the 4F9/2–6H15/2 (blue) 

and 4F9/2–6H13/2 (yellow) transitions, respectively. The yellow emission of Dy3+ is 

especially hypersensitive to the local environment, while its blue emission is not. 

Generally, when Dy3+ is located at a low symmetry (without an inversion center), the 

yellow emission is dominant, whereas the blue emission is stronger when Dy3+ is 
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located at a high symmetry (with an inversion center) [180, 181]. In case of Sm3+; 
4G5/2-6H7/2 (ΔJ = ±1) is a partly magnetic dipole (MD) and partly electric dipole(ED) 

nature emission band whereas 4G5/2-6H5/2 is purely MD natured and 4G5/2-6H9/2 is 

purely ED natured [182]. The magnetic dipole transition (MDT) 4G5/2→6H5/2 does not 

depend on chemical surroundings of the luminescent centre and its symmetry. 

However, the hypersensitive 4G5/2→6H9/2 transition is magnetic-dipole forbidden and 

electric-dipole allowed. Its intensity increases as the environmental symmetry become 

lower.  

Eu2+ is the most stable lanthanide divalent ion due to its half-filled valence shell. 

Emission and absorption spectra of Eu2+ ion usually consist of broad band’s due to 

transition  between 4f7 (8S7/2) ground state and crystal field components of the 4f65d1  

excited state configuration [183]. For most hosts, the emission spectra of Eu2+ are 

observed in the UV to visible range, specifically in the wavelength range from 390 

nm to 640 nm [183]. The decay times of these transitions are usually in the range 

from 0.2 to 2 µs, reflecting the dipole allowed nature of these transitions [184]. The 

host dependence of the emission spectra of Eu2+ can be explained as follows: In the 

divalent state, the europium ion has seven f electrons which form a stable half-filled 

4f valence shell. These electros do not strongly interact with environment of the host 

material because they are effectively shielded by filled 5s2 and 5p6 shells and thus are 

affected weakly by changes in its environment. After one 4f electron is excited to the 

5d level, this electron is strongly influenced by the crystal field, leading to broad, host 

dependent 5d-4f emission bands. The host lattice dependence of the emission is 

mainly connected with covalency (the nephelauxetic effect), the strength of the crystal 

field and the Stokes shift [185]. For Eu2+ ions, two different emission types were 

distinguished: normal broad-band 4f65d1 -4f7 (8S7/2) emission, and anomalous Eu2+ 

emission (the 4f-4f transitions are not observed for Eu2+, because the 6P f-levels are 

energetically above the 5d levels). In each case the emission can be excited via the 

lowest f-d level of the Eu2+, the final state is the 4f7 (8S7/2) ground state for each 

emission types [186]. 

Sr2SiO4   has been prepared by several synthetic routes including conventional solid-

state reaction [178]; liquid phase reaction [187] and microwave assisted sintering 

[188]. Few reports are also available on the sol-gel synthesis of strontium silicate 

[189-191]. The conventional solid state reaction route requiring temperatures in 

excess of 1400 K suffers from inhomogeneous and coarse sample formation with non 
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uniform size distribution. Large and non-uniform phosphor particles are more likely 

to be prone to poor adhesion to the substrate and loss of coating. For good 

luminescence characteristics, phosphors should have fine size, narrow size 

distribution, non-aggregation and spherical morphology. Similarly, several 

disadvantages have also been noted with other synthetic techniques such as the 

evaporation of solvents resulting in phase segregation, alteration of the stoichiometry 

due to incomplete precipitation, expensive chemicals and time consuming processes. 

This process provides molecular level of mixing, high degree of homogeneity and 

short reaction time that leads to reduction in crystallization temperature and prevents 

from segregation during heating. 

TRFS was used to establish the local environment around various lanthanide ions in a 

same host. For Sr2SiO4 doped with europium and dysprosium ions EXAFS studies 

were carried out at Sr K-edge to see the changes in Sr(9) and Sr(10) polyhedra.  

 

4.2. Synthesis and characterization of Sr2SiO4:Ln3+ 
(Ln=Sm, Eu, Dy) 
 
4.2.1. Synthesis of Sr2SiO4:Ln3+ (Ln=Sm, Eu, Dy) 
All the chemicals used in the sample preparation were of Analytical reagent (AR) 

grade and procured from Sigma Aldrich. The alkaline earth silicate samples were 

prepared via a sol-gel route using tetraethyl orthosilicate (TEOS) and strontium 

nitrate.  

At first, hydrolysis reaction of TEOS and ethanol catalyzed by dilute nitric acid was 

carried out.  Appropriate quantity of strontium nitrate solution, prepared by dissolving 

strontium carbonate in dilute nitric acid, was added to the hydrolyzed solution drop 

wise with vigorous stirring at 600 C. After stirring for 2 h, the solution was allowed to 

cool and settle down.  After a cooling period of about 2 h, a gel like compound was 

formed. This gel type mass was dried under infra red (IR) lamp for 1 hr and then at 

room temperature (RT) so as to get a white crystalline solid. This solid mass was 

repeatedly washed with liquid ammonia and quartz double distilled water to get a 

white mass. This mass was ground thoroughly in agate mortar and heated at 400o C 

for 4 h and at 600o C for 2 h. The final product obtained was a free flowing white 

crystalline powder. For preparation of lanthanide doped sample (0.5 mol %), 

appropriate quantities of Eu(NO3)3, Dy(NO3)3 and Sm(NO3)3 were added to the 
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hydrolyzed TEOS solution. For Eu2+ doped sample Sr2SiO4:Eu3+ the mixtures were 

ground thoroughly and fired at 600oC for 6 h under reducing atmosphere (92 % Ar + 

8% H2) for conversion of Eu3+ to Eu2+.  

 

4.2.2. Characterization of Sr2SiO4:Ln3+ (Ln=Sm, Eu, Dy) 
 
4.2.2.1. Phase purity and Structure: XRD 

The purity and crystallinity of the as-prepared Sr2SiO4 and Sr2SiO4:Ln3+ (Ln = Eu, 

Dy, Sm) samples were characterized using powder X-ray diffraction (XRD). It can be 

seen that the from the XRD pattern in Fig. 4.1 that diffraction peaks of both Sr2SiO4 

and Sr2SiO4:Ln3+ samples were could be indexed to the orthorhombic phase of α’- 

Sr2SiO4 (JCPDS card No. 39-1256). Incorporation of lanthanide ion has not changed 

the XRD pattern which confirms that doping is proper and has not distorted the 

structure of strontium silicate. Since no impurity peaks were observed, it is feasible to 

suggest that both samples are a single phase of α’- Sr2SiO4.  No obvious shifting of 

peaks or other impurity phases could be detected in the Ln3+-doped samples, 

indicating that the Ln3+ ions are efficiently dissolved in the Sr2SiO4 host lattice by 

replacing the Sr2+ because of the similar ionic radius and very small level of doping 

(0.5 mol %). 
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Figure 4.1: XRD pattern Sr2SiO4 and Sr2SiO4:Ln3+ (Ln = Eu, Dy, and Sm) 

 

The structure of Sr2SiO4 has been well described in literature and is similar to the 

non-close packing structure of K2SiO4 [191]. One unit cell of Sr2SiO4 comprises of 4 

formula unit sharing 28 atoms (8, 4 and 16 atoms of Sr, Si and O respectively). Its 

structure can be best described as comprising of corner sharing SiO4 tetrahedra (Td) 

forming parallel chains. The oxygen ions are located at three types of unequivalent 

lattice sites with D2h space group and the Si4+ ions are located at the center of the 

oxygen tetrahedron. In the structure of Sr2SiO4, there are two different Sr sites: one 

having coordination number 9 and the other with coordination number 10. The ten 

coordinated Sr(1) sites form linear three-membered rows of (Si–O–Sr(1)–O–Sr(2)) 

whereas the nine coordinated Sr(2) sites form zig-zag chains of (Sr(1)–O–Sr(2)–O–

Sr(1)) along the b-axis [178]. A schematic of the crystal structure for the strontium 

silicate is presented in Figure 4.2.  

 

 
Figure 4.2: (a) Crystal structure of α’- Sr2SiO4 (b) Pictorial representation of 9-

and 10-coordinated Sr2+ in strontium silicate 

 

4.2.2.2. Morphological studies and particle size distribution: AFM, 
SEM and DLS Results 
 
Figures 4.3(a) and (b) show AFM images and size distribution obtained in AFM 

measurement of as- prepared sample respectively. The AFM images reflect highly 

dense microstructures without much porosity. The particle size distribution was 

narrow with average size of ~300 nm. A SEM image of same sample is depicted in 
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Figure 4.4. SEM image of the sample is depicted in Figure 4.4. SEM studies showed 

that the particles tend to agglomerate forming small clusters with irregular shapes as 

can be observed from the micrograph.  Furthermore, the particle size is in a wide 

distribution, the average size being about 300-400 nm in diameter at 600oC. These 

results were also corroborated by DLS measurements where the particle size 

distribution is given by the "Stokes radius" or "hydrodynamic radius" represented by 

the following Stoke – Einstein equation - 

Rh = k T / 6πηD                     (4.1) 

Where,   k = Boltzmann constant  

  T = Temperature 

  η = Viscosity of suspension 

 D = Diffusion coefficient 

This method also known referred as "photon correlation spectroscopy" (PCS) or 

"quasi-elastic light scattering" (QELS) technique, uses the scattered light to measure 

the rate of diffusion of the particles. This motion data is conventionally processed to 

derive a size distribution for the sample. (If this part is in introduction, do not repeat 

the equation, just quote) For the present Sr2SiO4 system, a narrow size distribution of 

particles centered at 278 nm was obtained (Fig. 4.5), which is in good agreement with 

the AFM and SEM data. 

   
 

Figure 4.3: (a) 2D (XY)-AFM topographies (~50µ× 50µ) of silicate host matrix 
(b) Particle size distribution of as prepared sample obtained from AFM 
topographies. 

 
 



Chapter 4 

133 
 

   
 

Figure 4.4: SEM micrographs of as prepared samples at magnification of 3000X. 

 
  

Figure 4.5: Size distribution plot obtained by dynamic light scattering studies of 
Sr2SiO4 powder after heating at 600oC. 

 

4.3. Photoluminescence properties of Sr2SiO4:Eu3+: 

The excitation spectra of the 0.5 mol% sample with λem = 592 nm (Fig. 4.6) shows 

intense and broad band at ~243 nm and another relatively less intense band at ~ 296 

nm, both of which are assigned to the charge transfer band ; CTB-1 and CTB-2 

respectively. The peaks seen at 320, 360, 380 and 395 nm (very intense) were 

assigned to the f-f transitions from the 7F0 ground state to 5H3, 5L9, 5G3 and 5L6 levels 

respectively. The existence of two charge transfer bands is because of presence of 9- 

and 10-coordinated SrO polyhedra in α’- Sr2SiO4. 
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Figure 4.6: Excitation spectrum Sr2SiO4:   Eu3+  

 
Figure 4.7 shows the PL emission spectra of 0.5 mol% Eu doped strontium silicate 

sample respectively. The emission spectrum with λex = 243 nm (CTB-1) shows a 

number of sharp lines at 592, 610-618, 653 and 689-704 nm associated with the 

transitions from the excited 5D0 to 7FJ  levels of Eu3+ where J= 1, 2, 3 & 4 respectively. 

The orange emission at 592 nm belongs to the magnetic dipole 5D0-7F1   transitions of 

Eu3+ and the transition hardly varies with the crystal field strength. The red emission 

at about 614 nm ascribes to the magnetic dipole 5D0-7F2   transitions of Eu3+
, which is 

very sensitive to the local environment around Eu3+ and depends on the symmetry of 

the crystal field. It was found that 614 nm emission is almost as strong as 590 nm 

emission, indicating that there are two Sr2+ sites in α-Sr2SiO4 lattice; one site Sr (1) is 

centrosymmetric and the other site Sr (2) is non-centrosymmetric. When doped in α -

Sr2SiO4, Eu3+ ions occupy the two different sites of Sr (I) and Sr (II). Another 

interesting feature is the presence of 5D0-7F0 line at high energy position (575 nm) 

than its usual position at around 580 nm.  

Other interesting observation was the presence of very intense 5D0-7F0 on excitation 

with 296 nm (CTB-2); this is forbidden by both ED and MD transition and observed 
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mainly in very low symmetry environment; this is more intense than magnetic dipole 
5D0-7F1 and electric dipole 5D0-7F2 transitions as can be seen from Fig. 4.8. Further 

when we used 575 as an emission wavelength, an intense CTB-2 peak (296 nm) was 

observed in excitation spectra. 

 
Figure 4.7: Emission spectrum of Sr2SiO4: Eu3+ with λex = 243 nm. The inset 

figure shows the 5D0 to 7F0 transition at 575 nm. 

 
                   Figure 4.8: Excitation and emission spectra of the strontium silicate 

doped Eu sample with λem = 575 nm and λex = 296 nm. 
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It can be inferred that that emission spectra corresponding to CTB-1 and CTB-2 are 

entirely different and both may be exciting Eu3+ sitting in two different 

environments. To further validate this result, fluorescence decay measurements were 

carried out corresponding to λex = 243 nm and 296 nm at all the λem. The obtained 

lifetime values are listed in Tables 4.1 and 4.2. 

Table 4.1: Fluorescence decay time for the Sr2SiO4:Eu3+ with λex = 243 nm.  

  575  592  611  653  704  

τ1 (ms)   - 4.8 5.0 4.5 4.6 
τ 2(ms) 1.1 1.3 1.0 1.2 1.4 

 
As shown in Table 4.1, when excited at the CTB-1 position, single lifetime is 

observed at 575 nm whereas at other wavelength biexponential behavior is observed, 

indicating that, there are two different types of europium species in the matrix; one 

short lived species (τ~1.2 ms, fast decaying species-S1) and one long lived species 

(τ~4.7 ms, slow decaying species-S2). But on recording fluorescence decay with 

excitation wavelength of 296 nm, monoexponential behavior is observed irrespective 

of emission wavelength as shown in Table -4.2. 

Table 4.2: Fluorescence decay time for the Sr2SiO4:Eu3+ with λex = 296 nm.  

λem (nm) 575 581 586 589 623 629 650 661 692 703 

τ (ms) 1.1 1.2 1.3 1.4 1.3 1.2 1.3 1.2 1.2 1.4 

 
From Table 4.2, it can be seen that all the lifetime values are very close to each other 

suggesting that they belong to a single Eu3+species, which is different from the S2 

(τ~4.7 ms).  

In order to, identify the species responsible bi-exponential decay time 

observed with 243 nm (CTB-1), a detailed time resolved emission spectrometric 

(TRES) investigation was carried out on the system. Through this analyses, by giving 

suitable delay times and choosing a proper gate width (TRES data slicing range), the 

emission spectrum responsible for the particular decay time was obtained (Figure 

4.9). 
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Figure 4.9: Emission spectra of the two RE ions species obtained after giving 
suitable delay times following TRES measurements (with 243 nm excitation). 
The emission spectrum of the species getting selectively excited at 296 nm is also 
shown. 

 

As seen from the TRES data, the emission characteristics of the S1 obtained by 243 

nm excitation and the species getting selectively excited by 296 nm have same 

spectral features. Moreover, these two species have similar decay time values 

suggesting the fact that, these are due to the same type of Eu3+ ions. In this species, 

the transition 5D0 → 7F0 is markedly more intense as compared with those of (0, 1) and 

(0, 2) line and a large splitting is found in 5D0 → 7F1 and 5D0 → 7F2 transition. This 

suggests that the particular type of Eu3+ is present in a lower symmetric environment. 

From the detailed structural investigation of α'-Sr2SiO4, it was earlier mentioned that 

the Sr (2) polyhedron is much less symmetrical and shares neither edges nor faces 

with any SiO4 tetrahedra [192].  According to the crystal field theory, the crystal field 

strength is influenced by the site symmetry, covalency, ligand charge and bond 

length. Among these parameters, the bond length (R) of Sr–O affects the crystal field 

strength significantly, i.e., the crystal field strength is proportional to 1/R5 [193].  A 

strong anisotropic crystal field is exerted on the Sr2+ (2) sites due to the short bond 

length (~2.698 Å). This may be the reason for larger splitting of   5D0 → 7F1 and 5D0 
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→ 7F2 lines. A strong crystal field also causes 5D0 → 7F0 to steal some energy from 
5D0 → 7F1 and 5D0 → 7F2. So we can conclude that this particular emission is because 

of europium ion sitting in 9-coordinated Sr (2).  

Emission spectrum of the S2 species (τ~4.7 ms) with λex= 243 nm, shows that 

intensity of 5D0 → 7F1 transition is more than that of 5D0 → 7F2 transition. Moreover, 

it indicates the complete absence of 5D0 → 7F0 line. This suggests that this particular 

Eu3+ species is in more symmetric environment.  

Sr (1) polyhedron has more symmetric environment having hexagonal pseudo-

symmetry along the y-axis [192]. It shares the face and the vertex with the two SiO4 

tetrahedra which are vertically above and below it and the three edges with three SiO4 

tetrahedra. Moreover, in the range spanning 7F0, 1, 2 multiplets, it can be noted that, 

smaller number of peaks are observed and the overall splitting of the levels within 

these multiplets is significantly smaller. This indicates the crystal field is noticeably 

reduced in this case. A weak crystal field is exerted on the Sr2+ (1) site with a longer 

bond length. So we can conclude that this particular emission is because of europium 

ion sitting in 10-coordinated Sr (1).  

The J–O analysis of the emission spectrum is a powerful tool for calculating the 

parity-forbidden electric-dipole radiative transition rates between the various levels of 

a rare earth ion such as Eu3+. Through these analyses, the local environment around 

the metal ion can be interpreted. It is possible to determine the J-O intensity 

parameters Ωλ (where λ = 2, 4 and 6 etc.) from the emission spectral data. For these 

analyses, the corrected emission spectra with respect to the source and detector 

response were taken into consideration. The J-O parameters for the two types of Eu3+ 

species (obtained from the TRES spectra after suitable delay time) and the species 

selectively getting excited at 296 nm are listed in Table-4.3. Since, the 5D0 → 7F6 

transition was not observed in the present case, its J-O parameters could not be 

evaluated.  

Table 4.3: J-O intensity parameters of the Eu3+ doped Sr2SiO4. (λex =243nm). 
 

Eu3+ Species Ω2 (10-20 
cm2)  

Ω4 (10-20 
cm2) 

S2  (τ = 4.7 ms) 1.40 0.493 
 S1  (τ = 1.2 ms) 8.75 14.7 

Species getting selectively excited at 
296 nm (τ = 1.2 ms) 

8.23 14.3 
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The J-O parameter, Ω2 exhibits dependence on the covalence between rare-

earth ions and ligands and gives information about the asymmetry of the local 

environment of Eu3+ site. From the table it is observed that the J-O parameters for 

both the S1 species getting excited at 243 and 296 nm are similar. This unequivocally 

confirms our earlier argument that, the two Eu3+ species are similar in nature.  

Moreover, the trend observed in the parameters (Ω2 < Ω4) also proves that the 

particular species is present in an asymmetric environment. On the other hand, for the 

S2 species the trend observed in the J-O parameter was Ω2 > Ω4 which confirms our 

observation that S2 sits at more symmetric 10-coordinated Sr site (Sr(1)) where as S1 

sits at relatively less symmetric 9-coordinated Sr site (Sr(2)). The 5D0→7F3 transition 

could not be accounted for by either the magnetic or electric dipole mechanisms. Its 

presence is considered to be a small deviation from theory at the level used in this 

work.  

4.4. Reduction of Eu3+ to Eu2+: EPR spectroscopy 
Eu3+ is EPR silent, while for Eu2+ with electron configuration of 4f7 (8S7/2 

ground state), EPR could be observed at room temperature. The EPR spectrum due to 

Eu2+ with an effective spin quantum number of S=7/2 in non cubic symmetry is 

expected to show seven fine structure transitions.  In the present study, EPR spectra of 

Sr2SiO4: Eu was recorded at room temperature (Fig. 4.10) and spectral features are 

typical of Eu2+ [194-196]. The spectrum consists of no. of broad and intense fine 

structure lines in the region 0-4200 G. The 7 line spectrum observed at   208, 1145, 

1632, 2017, 2584, 3003 and 4133 G was anisotropic due strong crystal field splitting 

and suggested presence of Eu2+ at site having lower symmetry. In addition to this, an 

isotropic signal around g =1.991 was also observed in the EPR spectrum of sample. 

The resolved spectrum of Eu2+ at isotropic site is shown in Fig.4.10 b;  it was made up 

of 12 line structure  resulting from  magnetically non-equivalent pairs of europium 
151Eu and 153Eu  (I=5/2) ions having different hyperfine splitting (hfs). From analysis 

of EPR spectrum in Fig.4.10 b,   hfs constant(A) was found to be  of  the order of  

32.3 G  and 14.2 G respectively for 151 Eu and 153Eu isotopes.  
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Figure 4.10: (a) EPR spectra of   Sr2SiO4: Eu    (b) EPR showing hfs of Eu2+ 
signal in    Sample  

 

4.5. Photoluminescence properties of Sr2SiO4:Eu2+: 

By monitoring the emission at (λem = 485), the excitation spectrum Sr2SiO4: Eu 

exhibited a broad band in the wavelength range from 300 nm to 400 nm peaking at 

around 350 nm, which is mainly due to 4f7 (8S7/2) – 4f65d1 transition of the Eu2+ ions. 

Figure 4.11 (a) and (b) shows the excitation and emission spectra of 0.5 mol% Eu2+ 

doped Sr2SiO4 respectively. 

There are two cation sites of Sr2+ α’–Sr2SiO4 phase: Sr (1) is 10-coordinated and Sr 

(II) is nine-coordinated by oxygen atoms as discussed earlier. Average Sr–O distances 

are significantly different in the two polyhedra: Sr (2) shows a regular value (0.27 

nm), whereas Sr (I) is loosely coordinated with a very large value (0.29 nm). Based on 

the crystal field theory, the 4f electrons of Eu2+ are not sensitive to their surroundings, 

due to the shielding by the electrons present in the outer shell, but the 5d electrons are 

split by the crystal field. In the Sr2SiO4:Eu2+ phosphors, Eu2+ substitutes Sr2+ due to 

their similar ionic radius and bonding properties. So the emission spectra (Fig. 4.11 b) 

verify the fact that both sites of Sr can be substituted by Eu and the two emission 

bands are corresponding to Eu2+ at different sites. When Eu occupies Sr(1) site with 

weak crystal filed, the emission band is about 470–490 nm, while the Sr(2) site has a 

more compact environment and stronger crystal field effect, leading to a longer 

emission wavelength of 590–610 nm. 
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Figure 4.11: (a) Excitation spectra (λem-485 nm) and (b) Emission spectra (λex-

350 nm) of 0.5 mol% Eu2+ doped Sr2SiO4 

 
The decay curve corresponding to the 0.5 mol % Eu2+ doped Sr2SiO4 are shown in 

Figure 4.12.  For the 0.5 mol % Eu3+ doped sample the decay has been found to be 

monoexponential with a lifetime component of 0.483 μs and a long lifetime 

component of 1.73 μs. Longer lifetime component arises due to the Eu2+ ions sitting at 

symmetric 10-coordinated Sr sites and the short lifetime component arises due to the 

Eu2+ ion at non-centrosymmetric 9-coordinated Sr sites. The bi-exponential decay 

time curves have been fitted using the following equation. 

 y= A1 exp (-t/τf) + A2exp (-t/τs) + y0                                                                                                      (4.2) 

Where A1 and A2 are the pre-exponential factors obtained from the curve fitting, and 

τf and τs stand for the lifetimes for the fast and slow decay times, respectively.  

 
Figure 4.12: Luminescence decay time profile of Eu2+ doped Sr2SiO4 with 

λex-350 nm under λem – 485 and 600 nm 
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4.6. Photoluminescence properties of Sr2SiO4:Dy3+: 

Figure 4.13(a) shows excitation spectra (λem = 575 nm) of the 0.5 mol% Dy doped 

strontium silicate (as prepared sample). In the excitation spectrum, a broad hump 

observed in the region of 220–270 nm has been attributed to the O2–→Dy3+ charge 

transfer band (CTB), which is caused by the electron transfer from 2p orbits of O2– 

ions to 4f shells of Dy3+ ions. The sharp lines observed in the wavelength range 300-

450 nm, are attributed to the 4f-4f transition of Dy3+.  The peaks seen at 326, 351, 

366, 387, 427 and 450 nm were assigned to electronic transitions of 6H15/2 → 6P3/2, 
6P7/2, 6P5/2, 4I13/2, 4G11/2 and 4I15/2 respectively. Figures 4.13(b) show the emission 

spectra for Sr2SiO4:Dy3+ annealed at 600oC at 250 nm (charge transfer band) and 351 

nm (f-f band) respectively. 

Upon excitation with 250 nm, the emission spectrum is characterized by  three bands 

located at 480, 575 and 665 nm corresponding to the transitions 4F9/2 → 6H15/2 (blue), 
4F9/2 → 6H13/2 (yellow) and 4F9/2 → 6H11/2 (red) respectively. Spectral features remain 

same on excitation with 250 nm (charge transfer) and 351 nm (f-f band).  It is also 

known that the Dy3+ emission around 480 nm is of magnetic dipole and 575 nm is of 

electric dipole (ED) origin. Generally, when Dy3+ is located at a low symmetry 

(without an inversion center), the yellow emission is dominant, while the blue 

emission is stronger when Dy3+ is located at a high symmetry (with an inversion 

center). However yellow emission at 575 nm (4F9/2 → 6H13/2) is predominant in Dy3+ 

ion-doped Sr2SiO4 suggesting that the ligand field deviates from inversion symmetry. 

This indicates that the luminescence centers are situated at low-symmetry local sites 

with no inversion centre. Average ionic radius of Dy3+ is around 100 pm, which is 

closer to 9-coordinated Sr2+ and unfavorable geometry in 10-coordination causes most 

of the Dy3+ to occupy 9-coordinated Sr2+ sites in strontium silicate. Ionic size and 

charge differences between Dy3+ and Sr2+ sites disturbs the local field, where such 

disturbance is evidenced by the more intense emission of 4F9/2 → 6H13/2. It can be 

concluded that the 9-coordinated strontium polyhedra in host lattice are distorted and 

there is lack of inversion symmetry at the Dy3+ site.  

An energy level scheme is given in Figure 4.14 to explain the mechanism involved in 

the emission/excitation process in Sr2SiO4:Dy3+. 
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Figure 4.13: (a) Excitation spectrum and (b) Emission spectrum of the powder 
sample of Sr2SiO4:Dy3+ with excitation wavelength 250 nm and 351 nm (0.1 mol 
% annealed at 600OC) 

 
Figure 4.14: Energy level scheme for Sr2SiO4:Dy3+ (0.5 mol % annealed at 
600OC) 
The decay curves corresponding to the 6H15/2 level of Dy3+ ions in 0.5 mol % 

dysprosium doped Sr2SiO4 annealed at 800oC  are shown in Figure 4.15 at excitation 

wavelengths of 250 nm monitoring emission at 577 nm  on a 10 ms scale and fitted 

using the same  exponential decay equation as mentioned in 4.2. As seen from Figure 

4.15, decay curves display two life-times (291 µs and 1.56 µs) indicating the presence 

of Dy3+ ions in two different environments. Both these species are present in 9-
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coordinated environment, but species is having relatively lower life time value is  

nearer to charge compensating defects and the one having higher lifetime is far off 

from charge compensating defects. A detailed time resolved emission spectrometric 

study (TRES) was carried out by giving suitable delay times in order to identify the 

two species responsible for the bi-exponential life times. However, the two emission 

spectra obtained from the TRES experiments were similar in nature and could not be 

differentiated. 

 
Figure 4.15: Luminescence decay time profile of the D 18 sample (λex-250 

nm and λem – 575 nm) 

 

4.7. Photoluminescence properties of Sr2SiO4:Sm3+: 

Trivalent samarium ions emit a considerably bright luminescence in the visible and 

near infrared region in various kinds of host materials. The luminescence bands 

observed in this ion emission are due to transitions between the energy levels in the 

4f5 electron configuration.  
The excitation spectrum of the system at 597 nm emission is shown in Figure 4.16. 

Broad band in the range of 200–275 nm and was assigned to the charge transfer band 

O2–→Sm3+ (CTB) peaking at 243 nm. In the wavelength region 320–550 nm, several 
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excitation peaks are observed and are located at 346 nm (6H5/2-6H13/2), 365 nm (6H5/2-
4D3/2), 379 nm (6H5/2-6P7/2), 407 nm (6H5/2-4F7/2), 417 nm (6H5/2- 6P5/2), 438 nm (6H5/2-
4G9/2), 462 nm (6H5/2-4I9/2), 469 nm (6H5/2-4I11/2),  473 nm (6H5/2-4I13/2) and 485 nm 

(6H5/2-4I15/2) which are attributed to f–f transitions of Sm3+. From the excitation 

spectrum, it was found that the intensity of f–f transition at 407 nm is high compared 

with the other transitions, this was chosen for the measurement of emission spectra of 

Sr2SiO4: Sm3+ phosphors. The most intense peak at 407 nm clearly indicates that these 

phosphors are effectively excited by near ultraviolet light emitting diodes. 

 

 Figure 4.16: Excitation spectra SrZrO3:Sm3+. Inset shows the f-f lines of Sm3+
 

 

Fig. 4.17 reveals that the emission spectra of Sm3+ ions doped Sr2SiO4 with an 

excitation wavelength of 243 nm (CTB)/ 407 nm (f-f band). Spectral features remain 

same on excitation with 250 nm (charge transfer) and 406 nm (f-f band). The 

intensities of emission bands were found to be low, when excited with the 

characteristic absorption band at 407 nm of Sm3+ ions, compared to that of emission 

intensities obtained with LMCT excitation band (250 nm). 

This is due to the fact that the Sm3+ absorption bands corresponding to the f-f 

transitions are forbidden and exhibit poor absorptivities in UV region. The high 

intensities of emission bands when excited with LMCT are due to the intramolecular 

energy transfer (IMET) process, which occurs in the UV region.  

The emission spectra consist of two parts: one is due to host in the region of 400-550 

nm, another region comprising three sharp emission lines from 550 to 700 nm are the 
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characteristic of the samarium ions. Three peaks are ascribed to the 4G5/2-6H5/2, 4G5/2-
6H7/2 and 4G5/2-6H9/2 transitions at 565, 597 and 643 nm of the Sm3+ ions, respectively. 

The peak at 703 nm is due to 4G5/2-6H11/2 transition.  Among these, the transition at 

597 nm (4G5/2-6H7/2) has the maximum intensity, which corresponds to the red 

emission of SrZrO3:Sm3+ phosphors. It can be stated that the strong red emitting 

transition 4G5/2-6H7/2 at 597 nm (ΔJ = ±1) is a partly magnetic dipole (MD) and partly 

electric dipole(ED) nature emission band. The other transition at 565nm (4G5/2-6H5/2) 

is purely MD natured and at 643 nm (4G5/2-6H9/2) is purely ED natured, which is 

sensitive to crystal field. Generally, the intensity ratio of ED and MD transition has 

been used to measure the symmetry of the local environment of the trivalent 4f ions. 

The greater the intensity of the ED transition, the more the asymmetric nature. In the  

present study, the 4G5/2-6H5/2 (MD) transition of Sm3+ ions is less intense than 4G5/2-
6H9/2 (ED) transition, indicating Sm3+ occupied asymmetric site in 9-coordinated Sr in 

Sr2SiO4.  From symmetry considerations, it is known that in a noncubic environment 

a 2S + 1LJ manifold of RE3+ ion containing an odd number of electrons is split to J + 1/2 

Stark levels with each level maintaining two-fold Kramers degeneracy . Indeed, in the 

case of 6H5/2 and 6H7/2, the corresponding number of spectral lines can be counted. For 
6H9/2 and 6H11/2, some of the transitions are probably too weak to be resolved. Splitting 

in the spectral line of Sm3+ further supports the fact that majority of samarium ion 

occupy low symmetric 9-coordinated Sr site. 

 
Figure 4.17: Emission spectra of air sintered Sr2SiO4:Sm3+ at excitation 
wavelength (a) 243 nm (CTB) (b) 407 nm (f-f band) 
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Fluorescence life time measurement showed monoexponential behavior for Sm3+ in 

strontium silicate with a lifetime value of 2.23 ms. This indicates homogenous 

environment for Sm3+ as can be seen from Figure 4.18. Based on lifetime and 

emission spectra, it can be inferred that Sm3+ occupies 9-coordinated Sr2+ in strontium 

silicate. 

 
Figure 4.18:  Luminescence decay time profile of Sr2SiO4:Sm3+ at λex-407 nm 

under λem- 597 nm 

4.8. X-ray absorption spectroscopy: EXAFS 

 Sr2SiO4 doped with rare earths Eu and Dy were characterized by EXAFS 

technique at Sr K- edge to probe the local structure surrounding the strontium sites. 

The EXAFS measurements were carried out at the dispersive EXAFS beamline (BL-

8) in transmission mode at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) at 

Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India [197-199]. 

The beamline uses a 460-mm long Si (111) crystal having 2d value equal to 6.2709Å 

mounted on an elliptical bender, which can bend the crystal to take the shape of an 

ellipse. The crystal is first set in such a fashion that the central portion makes the 

proper Bragg angle ( 0θ ) w.r.t. the incident beam and it selects the energy (
0

E ) 

corresponding to the absorption edge of interest. Due to the divergent nature of the 

synchrotron beam, the angle of incidence varies from ( θθ Δ−0 ) at one end of the 

crystal to ( θθ Δ+0 ) at the other end and hence a band of energy of EE Δ±0 is 

selected by the crystal, which then falls on the sample due to the elliptical bending of 

the crystal. The elliptical optics offers minimum aberration. The radiation transmitted 

through the sample is detected by a position-sensitive CCD detector having 
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2048x2048 pixels. The plot of absorption versus photon energy is obtained by 

recording the intensities 0I and TI , as the CCD outputs, without and with the sample, 

respectively, and the absorption coefficient μ  is obtained using the relation:  

 eII x
T

μ−= 0
                                                               (4.5) 

where, x  is the thickness of the absorber. Thus using the above beamline, the full 

EXAFS spectrum of the sample at any specified absorption edge can be obtained as a 

single shot within a time frame of 300 msec.  

For the present measurement at Sr edge, the Si (111) crystal was set at a 

proper Bragg angle to obtain a band of energy around 16105 eV and pellets of 

commercial Bi2O3 (for Bi LI-edge) and Y2O3 (for Y K edge) powders were used for 

calibration of the CCD channels. All samples of appropriate weight, estimated to 

obtain a reasonable edge jump were taken in powder form and mixed thoroughly with 

cellulose powder to obtain total weight of 100 mg. Homogenous pellets of 15 mm 

diameter were prepared using an electrically operated hydraulic press. Fig. 4.19 shows 

the normalized EXAFS spectra ( )(Eμ versus E ) for undoped Sr2SiO4 along with Dy 

and Eu doped Sr2SiO4. 

 

Figure 4.19: Normalized EXAFS spectra of blank Sr2SiO4 along with Dy and Eu 
doped Sr2SiO4. 

In order to take care of the oscillations in the absorption spectra )(Eμ  has 

been converted to absorption function )(Eχ  defined as follows [200]: 

  
0

0 0

( ) ( )( )
( )

E EE
E

μ μχ
μ
−

=
Δ                                                  (4.5) 
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where E0 absorption edge energy, 0 0( )Eμ  is the bare atom background and 0 0( )EμΔ  

is the step in ( )Eμ  value at the absorption edge. The energy dependent absorption 

coefficient ( )Eχ  has been converted to the wave number dependent absorption 

coefficient ( )kχ using relation,  

 0
2

2 ( )m E EK −
=

h
                                                     (4.6)                   

m is the electron mass. ( )kχ  is weighted by k2 to amplify the oscillation at high k  

and the χ(k)k2 functions are Fourier transformed in R space to generate the ( )Rχ  

versus R spectra in terms of the real distances from the center of the absorbing atom. 

The set of EXAFS data analysis available in within IFEFFIT software package have 

been used for EXAFS data analysis [201]. This includes background reduction and 

Fourier transform to derive the ( )Rχ versus R spectra from the absorption spectra 

(using ATHENA software), generation of the theoretical EXAFS spectra starting from 

an assumed crystallographic structure and finally fitting of experimental data with the 

theoretical spectra using ARTEMIS software. 

The ( )Rχ  versus R spectra have been generated for all the samples from the 

)(Eμ versus E spectra following the methodology described above and the best fit 

( )Rχ  versus R spectra of the samples have been shown in Fig. 4.20. The structural 

parameters (atomic coordination and lattice parameters) of Sr2SiO4 used for 

simulation of theoretical EXAFS spectra of the samples have been obtained from 

reported values in the literature [202, 157]. There are two crystallographic sites of 

Strontium in structure in which one is 10 coordinated and another is 9 coordinated. 

The scattering paths are generated using each Sr atom as central atom and have been 

used in the fitting of the experimental data with 50% weightage given to each 

crystallographic site [157].  The bond distances, co-ordination numbers (including 

scattering amplitudes) and disorder (Debye-Waller) factors ( 2σ ), which give the 

mean square fluctuations in the distances, have been used as fitting parameters. The 

best fit results are summarized in Table 4.4.There are two different crystallographic 

sites for Sr in Sr2SiO4 structure. One is 10 coordinated Sr (1) and another is 9-

coordinated Sr (2).  It can be seen from the Table 4.4 that on incorporation of Eu, 

average bond lengths are unchanged, which can be explained as the ionic radii of 10-

coordinated Eu2+ (1.35 Å) and 9-coordinated Eu2+ (1.30 Å) are close to 10 coordinated 
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Sr2+ (1.36 Å) and 9-coordinated Sr2+ (1.31 Å) respectively [203]. There is an increase 

in σ2 values for both Sr (1)-O and Sr (2)-O bonds, which manifests increase in 

disorder at both the Sr sites and thus corroborates the earlier results that Eu 

incorporates in both 10 and 9 coordination sites [157]. However, it has been observed 

that the change in σ2 value is higher for 9-coordinated Sr site than for 10-coordinated 

Sr site. This  may be due to higher Eu incorporation in 9-coordinated site than in 10-

coordination sites. Nguyen et al. [204] have also reported preferentially higher Eu 

substitution in 9-coordinated Sr sites on the basis of enhanced intensity of the yellow 

luminescence. The EXAFS fitting results for Dy doped Sr2SiO4 are also given in 

Table 1. The average Sr(2)-O bond length is found to decrease in Dy doped samples 

compared to the undoped samples; however there is no change in Sr(1)-O average 

bond length. The decrease in Sr (2)-O bond length can be due the smaller ionic size of 

Dy3+ (1.083 Å for 9 coordination) than Sr2+ ion (1.31 Å for 9 coordination) [203].  It 

may be possible that Dy ions only occupy Sr (2) site and not Sr (1) site, since 10-

coordinated Dy geometry does not exist [203]; however, EXAFS measurements at Dy 

edge is required to ascertain that.  

 
Figure 4.20: Fourier transformed EXAFS spectra at Sr K-edge (Scatter points) 
and theoretical fit (Solid line) for (a) Sr2SiO4 (b) Dy doped Sr2SiO4 and (c) Eu 
doped Sr2SiO4. 
 



Chapter 4 

151 
 

 

          Table 4.4: Structural parameters for undoped and Lanthanide ion doped 
strontium silicate as obtained by EXAFS fitting. 

 Parameter Sr2SiO4 Sr2SiO4:Dy Sr2SiO4:Eu 
Sr(1)-O R (Å) 

(2.38) 
2.45 2.45 2.38 

 N (1) 1*0.5 1*0.5 1*0.5 
 σ2 0.001 0.001 0.002 

Sr(2)-O R (Å) 
(2.51) 

2.58 2.46 2.55 

 N (2) 2*0.5 2*0.5 2*0.5 
 σ2 0.001 0.001 0.002 

Sr(2)-O R (Å) 
(2.60) 

2.58 2.56 2.57 

 N (5) 5*0.5 5*0.5 5*0.5 
 σ2 0.001 0.001 0.007 

Sr(1)-O R (Å) 
(2.85) 

2.85 2.86 2.84 

 N (5) 5*0.5 5*0.5 5*0.5 
 σ2 0.001 0.001 0.004 

Sr(1)-O R (Å) 
(3.07) 

3.07 3.08 3.07 

 N (4) 4*0.5 4*0.5 4*0.5 
 σ2 0.001 0.001 0.0044 

Sr(2)-O R (Å) 
(3.11) 

3.07 3.08 3.07 

 N (2) 2*0.5 2*0.5 2*0.5 
 σ2 0.001 0.001 0.006 

Sr-Si R (Å) 
(3.33) 

3.14 3.14 3.15 

 N (4) 4*0.689 4*0.8 4*0.76 
 σ2 0.01 0.017 0.013 

Average Sr(1)-O 
(10 Coordinated)

 2.90 2.91 2.90 

Average Sr(2)-O 
(9 Coordinated) 

 2.69 2.65 2.68 

 

4.9. Positron annihilation spectroscopy: Probing defects 

In order to probe the electronic environment of positron trapping centres in the doped 

strontium silicate, CDB (expand) studies were carried out on pure Sr2SiO4 as well as 

Eu / Dy / Sm doped samples. The ratio spectrum of Dy/Eu doped samples with 

respect to pure sample is shown in Fig. 2.21. The low momentum part of the Doppler 

spectrum arises mainly from the annihilation with the valence electrons; the core 

electrons that can be taken as signature of an element, contribute to the high 
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momentum part of the spectrum. While profiles of both undoped and doped samples 

are identical, there is considerable increase in area under high momentum region for 

Dy doped sample. This indicates different chemical surrounding of defects in Dy 

sample.To get further insight into nature of defects, positron annihilation lifetime 

spectroscopic studies were carried out. The results are tabulated in Table 4.5. 

 

Figure 4.21: Ratio curves with respect to Si single crystal from coincidence 
Doppler broadening measurements on different Sr2SiO4 samples 
 

Table 4.5: Positron life time values with their intensity 
 

Sample  τ1 (ps)  τ2 (ps)  I1 (%)  τave(ps)  

Sr2SiO4  183.6±2.2  343.8±3.8  48.3±1.0  266.5±7.0  

Eu- doped  212.5±1.9  395.0±7.1  67.0±1.0  272.7±6.8  

Dy- doped  235.9±1.9  399.6±8.6  70.9±1.1  283.6±7.9  

Sm - doped  223.2±2.2  383.5±5.9  60.9±1.1  286.0±7.3  

 
As seen from Table 2.21, on doping with Eu, Dy or Sm,  τ1 increases from 184 ps to 

212-236ps – indicating that electron density has decreased.  The increase in τ1 is 

higher than seen due to oxygen vacancies.  In general, life time of oxygen vacancies 

are 10 ps, oxygen clusters 10-20 ps and cation vacancies 30-50 ps [205]; so the most 
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likely defect/vacancy in this case is - cation vacancies (V"
Sr). The 2nd lifetime value is 

in the range 340-400 ps, which is attributed to vacancies clusters. Average lifetime for 

Dy or Sm doped samples is almost similar, while it is higher than Eu doped samples. 

This may be because of different site occupancy of Dy/Sm ions compared to Eu as 

evident from other studies. 

 
             4.10. Theoretical calculations to probe the difference in 

behavior of lanthanide ion in same host 
 

All calculations were carried out using the spin-polarized DFT with a plane wave 

basis set, implemented in the Vienna Ab-initio Simulation Package (VASP). The 

electron–ion interactions were described by the projector augmented wave (PAW) 

method. The spin polarized generalized gradient approximation using the Perdew–

Burke–Ernzerhof (PBE) functional has been used to calculate the exchange-

correlation energy. The cut off energy for the plane wave basis set was fixed at 400 

eV. The geometry optimization was performed by ionic relaxation, using a conjugate 

gradient minimization. The geometries are considered to be converged when the force 

on each ion becomes 0.01eV/ Å or less. The total energy convergence was tested with 

respect to the plane-wave basis set size and simulation cell size, and the total energy 

was found to be accurate to within 1 meV. Three-dimensional periodic boundary 

conditions were applied to approximate a bulk solid (i.e. orthorhombic phase of 

Sr2SiO4). Conventional cubic unit (α=β=γ= 90o) cell containing 28 atoms (8 Sr, 4 Si, 

16 O) were used for calculations. Structural optimization was performed with respect 

to atomic coordinates and unit-cell parameters. A Monkhorst-Pack k-point grid of 3 x 

3 x 3 was employed to map the first Brillouin zone. For the orthorhombic unit cell, the 

lattice parameters were found to be a= 5.673 Å b= 7.073 Å and c= 9.766 Å. These 

values are excellent in comparison to the experimental lattice constants (a= 5.682 Å 

b= 7.091 Å and c= 9.772 Å).  In case of Eu-doped Sr2SiO4, out of 8 Sr atoms of unit 

cell, one atom was replaced with Eu/Sm/Dy atom.  

It has been explained previously that in the structure of Sr2SiO4, there are two 

different Sr sites: one having coordination number 9 and the other with coordination 

number 10. The ten coordinated Sr(1) sites form linear three-membered rows of (Si–

O–Sr(1)–O–Sr(2)) whereas the nine coordinated Sr(2) sites form zig-zag chains of 

(Sr(1)–O–Sr(2)–O–Sr(1)) along the b-axis [178]. A schematic of the crystal structure 
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for the strontium silicate showing the difference in coordination of strontium atom 

presented in Figure 4.22.  

 
Figure 4.22: Structure of Sr2SiO4 showing 9 and 10-coordinated Sr-sites 

Theoretical calculation showed that in SrO9 polyhedra, shortest Sr-O bond length is 

2.50 Å, largest one is 3.04 Å, Average Sr-O bond length is 2.68 Å. Experimentally 

obtained value is 2.70 Å. In case of SrO10 polyhedra, shortest Sr-O bond length is 

2.38 Å, largest one is 3.10 Å, Average Sr-O bond length is 2.84 Å. Experimentally 

obtained value is 2.85 Å. So there is close proximity in experimental and theoretical 

values. All the Sr-O bond lengths in SrO9 and SrO10 in Sr2SiO4 are depicted 

pictorially in Figures 4.23 and 4.24 respectively. One interesting observation in case 

of SrO10 polyhedra is the very low value of shortest Sr-O bond length compared to 

SrO9 polyhedra. This is because of single coordination with nearby SiO4 tetrahedron. 

Table 4.6 indicates the energetic calculations for relative stability of metal ion at 9- 

and 10- coordinated Sr2+ sites. 

 
Figure 4.23: Pictorial representation of various Sr-O bond lengths in SrO9 
polyhedra in Sr2SiO4. 
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Figure 4.24: Pictorial representation of various Sr-O bond lengths in SrO10 
polyhedra in Sr2SiO4. 
 
Table 4.6: Energetics for various lanthanides in Sr2SiO4 for two different sites of 

Sr. 

M = Sm/Dy/Eu Total Energy (eV) 

 Sm Dy Eu 

M at 9-Sr -200.64246 -200.65750 -207.56386 

M at 10-Sr -200.06394 -199.93754 -207.53293 

Relative 

stability (10-9) 

0.57852 0.72005   0.03093 

 

It can be seen from the table that occupancy of 9-coordinated site is more favorable 

than 10-coordinated site. For Eu, the difference in stability for substitution of 9 and 

10-coordination is only 0.03 eV (Comparable with room temperature thermal energy 

0.025eV). For Sm and Dy, the relative stability values for substitution of 9 and 10-

coordination are almost 20 times higher than that observed in case of Eu and well 

above the room temperature thermal energy 0.025eV. This analogy can be explained 

on the basis of bond energy value for various M-O bonds. The trend in bond energy 

for M-O bond (eV/atom) is Sr-O (2.86) < Eu-O (2.95) < Sm-O (3.58) < Dy-O (3.84). 

This indicates those Dy-O/Sm-O bonds are much stronger than the Eu-O bond, 

whereas Eu-O has comparable strength as that of Sr-O.  As a result, inclusion of 

Sm/Dy results in shortening of few M-O, which lead to distortion in MO10 polyhedra, 

whereas relatively inclusion of Eu has weaker effect on the M-O bond lengths of 
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SrO10 polyhedra. Such a distortion leads to destabilization of the conformer having 

Dy/Sm at 10-coordinated sites. 

4.10. Evaluation of color coordinates: 

To evaluate the material performance on colour luminescent emission, CIE 

chromaticity coordinates were evaluated adopting standard procedures. The values of 

x and y coordinates of the system were calculated and represented on CIE diagram as 

shown in Figure 4.25. It is clear from the values that, Sr2SiO4:Eu3+ gives a ‘Red’ 

emission, Sr2SiO4:Eu2+/Dy3+ emits near white colour light and Sr2SiO4:Sm3+ gives a 

‘Red-orange’ emission. 

 
Figure 4.25: CIE index diagram of Sr2SiO4 doped with various lanthanides  

 

4.11. Summary 

Luminescence life time studies showed the presence of two different types of 

europium ions- 1.2 ms (short lived) and 4.7 ms (long lived). Long lived Eu3+ species 

was occupying more symmetric 10-coordinated Sr(1) sites, whereas the short lived 

Eu3+ was present at relatively less symmetric 9-coordinated Sr(2) sites. Eu2+ also 

substitutes at both the Sr2+ sites- leading to two emission bands. When Eu occupies 

Sr(1) site with weak crystal field, the emission band is about 470–490 nm, while the 

Sr(2) site has a more compact environment and stronger crystal field effect, leading to 

a longer emission wavelength of 590–610 nm. PL decay time confirms the presence 

of two types of Dy3+ species, which are responsible for bi-exponential decays. TRES 

does not reveal any change in the spectral feature of short and long lived species 

except in intensity. Both these species are present in asymmetric 9-coordinated 
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environment; but short lived species is nearer to charge compensating defects and 

long lived species is far off from charge compensating defects. EXAFS measurement 

also corroborated these studies. Fluorescence life time measurement has shown 

monoexponential behavior for Sm3+ in strontium silicate with lifetime value of 2.23 

ms.  Based on lifetime and emission spectra, it can be inferred that Sm3+ occupies 9-

coordinated Sr2+ in strontium silicate. Theoretical modelling suggested that 

substitution of Sr in α’-Sr2SiO4 at 9-coordinated site is more favourable than at 10-

coordinated site. Due to relatively higher bond strength of Dy-O and Sm-O bonds, the 

inclusion of these ions at 10-coordinated site results in shortening of few M-O, which 

leads to distortion in MO10 polyhedra. Such a distortion leads to destabilization of the 

conformer having Dy/Sm at 10-coordinated sites. 
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CHAPTER 5 
5.1. General Introduction 
 

Amongst the plethora of inorganic structures, there is one that stands out 

through its versatility in derived structures and physical properties: the perovskite 

structure. Along with their related structures, perovskites have been widely studied for 

their interesting properties and have found many applications within an abundance of 

fields. As quoted by Stolen et al. [206] these structures have been termed inorganic 

chameleons due to their large flexibility, since the cubic mother structure easily 

distorts and adapts to the relative sizes of the ions forming the compound. The source 

of fascination is the diversity of the properties and their high sensitivity to crystal 

chemical tuning; i.e., a tiny change in chemical the composition or/and the crystal 

structure may induce huge changes in chemical and physical properties.  

         In particular, materials, which represent the ABO3 perovskite structure, have 

constituted a central theme in the area of materials science and technology owing to 

their wide variety potential technological applications as fuel-cells, proton conduction 

[207], magnetoresistence [208], pigments [209], ferroelectricity [210-212], 

dielectricity [213], photocatalytic [214], photoluminescence [215,216] and others. 

Recently, the 4d0 band insulator perovskite SrZrO3 (SZ) have attracted much attention 

as novel electronic materials. Because these materials have high melting points (over 

2600oC) [217], they can be used for high temperature devices, such as electrochemical 

devices, due to their proton conductivity at fairly high temperatures [218].  

         Light emission from lanthanide ions plays an important role in solid state 

lighting (phosphor-converted light emitting diodes), display (plasma and field 

emission displays), and bioimaging (fluorescent markers) technologies. Owing to 

their high thermal and chemical stabilities and low environmental toxicity, lanthanide-

doped alkaline-earth perovskite oxides of formula ABO3 and their corresponding solid 

solutions (A,A′)(B,B′)O3 (A, A′ = Ca, Sr, Ba; B, B′ = Ti, Zr, Hf) are attractive 

candidates for nanostructured phosphors for display and bioimaging technologies. 

Specifically, they have shown potential as phosphors for field emission [219] and 

electroluminescent [220] displays and as fluorescent markers for bioimaging [221]. 

Recently, much attention is focused on the photoluminescent (PL) properties of 

titanates and zirconates with disordered perovskite structures, the main reason being 
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their distinct potential for electro-optic applications [222, 223]. The optical properties 

of disordered semiconductors are characterized by the presence of a broad PL band. 

This phenomenon is attributed to the electronic states inside the band gap, which are 

the main defects for an intense PL response. According to Longo et al., the 

displacement of Zr or Sr atoms in disordered perovskite SrZrO3 may induce some 

vacancy defects at the axial and planar oxygen sites of the [ZrO6] octahedral [224]. It 

is well known that the vacancies play important roles as luminescence centers and 

thus it is expected that the perovskite SrZrO3 may show host emission. Defect induced 

violet blue emission from strontium zirconate host has been observed by many 

workers [224, 225-227]. 

The perovskite material of ABO3 types having various crystalline structures 

shows interesting physiochemical properties, which offer a potential host for the 

chemical substitution. Substitution at both A and B site can leads to change in 

symmetry and composition and thus create various defects viz. cation or oxygen 

vacancies, which can drastically influence the band structures and this is the main 

factor in determining the electronic structures. In particular, these materials can 

accommodate lanthanide ions at the A-site or B-site. These doped oxides are not only 

used as  probes to investigate local centers and energy, but also to provoke changes in 

their optical behavior. Moreover, doping foreign elements into a semiconductor with a 

wide band gap to create a new optical absorption edge, is known to be one of the 

primary strategies for developing materials with optically driven properties. However, 

the role of the rare earth ions in the perovskite structure is not really clear and is still 

being discussed. 

           In recent years, the lanthanide ion doped SrZrO3 materials have been widely 

investigated due to their significance to fundamental research and their high potential 

for application in optical materials [154, 180, 226-233]. The luminescence efficiency 

of trivalent rare earth ions doped into inorganic matrices depends on the energy 

transfer from the host to the ion. It has been shown that the quantum efficiency of rare 

earth ion emission doped in nanocrystals increases as crystal size decreases [234].  

SrZrO3 has been prepared by several synthetic routes including solid-state 

reaction [235], sol-gel [236], co-precipitation [237] and hydrothermal methods [238]. 

The conventional solid state reaction route requiring temperatures in excess of 1400 K 

suffers from inhomogeneous and coarse sample formation with non uniform size 

distribution. Large and non-uniform phosphor particles are more likely to be prone to 
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poor adhesion to the substrate and loss of coating. For good luminescence 

characteristics, phosphors should have fine size, narrow size distribution, non-

aggregation and spherical morphology. Similarly, several disadvantages have also 

been noted with the other synthetic techniques such as the evaporation of solvents 

resulting in phase segregation, alteration of the stoichiometry due to incomplete 

precipitation, expensive chemicals and time consuming processes. To overcome these 

limitations, a facile combustion synthesis route was suggested by Zhang et al., where 

the combustion reaction takes place at a lower temperature of 3000C [230]. Through 

this method, a single phase compound could be synthesized without intermediate 

grinding or annealing steps.  

Gel combustion is a novel method that uses a unique combination of the 

chemical gel process and combustion. The Gel synthesis of ceramic oxides offers 

advantages such as high purity, good homogeneity, and low processing temperature. 

Combustion synthesis offers advantages such as low energy requirements, simple 

equipment, and a short operation time because it uses a sustainable exothermic solid-

solid reaction among the raw materials. The Gel combustion method is based on the 

gelling and subsequent combustion of an aqueous solution containing salts of the 

desired metals and an inorganic fuel such as acetylene black, and it yields a 

voluminous and fluffy product with a large surface area. This process has the 

advantages of inexpensive precursors, a simple preparation method, and the ability to 

yield nanosized powders. Most of the earlier luminescence reports on this ceramic 

host have been obtained with Eu, Ce or Dy as the activator ion.  

 However, when an active dopant is introduced into these perovskite, their 

optical and magnetic properties are dramatically changed depending on its distribution 

in the perovskite ceramic. Studies of dopant ion distribution in perovskite have 

attracted much attention, because they may allow better understanding of the 

correlations between structure and properties such as color, magnetic behavior, 

catalytic activity, and optical properties, etc., which are strongly dependent on the 

occupation of these two sites by metal ions. None of the literature available explains 

the site symmetry of Ln3+ in SrZrO3 nanocrystals. Considering the relatively wide 

band gaps, high refractive indices and lower phonon energy, SZ is a good candidate to 

be used as the host material for RE ions in order to excite them efficiently and to yield 

intense luminescence. Metal ions could be conveniently substituted into the SZ lattice, 

if their ionic radii are comparable to that of the Sr2+/Zr4+ cations. It is thought that 
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these “magic” dopants can choose their site occupancy as a result of the local Sr/Zr 

ratio and oxygen partial pressure during firing. Such dopants are also termed 

“amphoteric”, because the site change of a well defined valence dopant causes a 

change of the relative charge. We have used PL to investigate a series of lanthanide-

doped strontium zirconate, with the main aim of determining the site occupancy of the 

lanthanide ions. 

5.2. Synthesis and characterization of SrZrO3:Ln3+ 
(Ln=Sm, Eu, Dy and Gd) 
 
5.2.1. Synthesis of SrZrO3:Ln3+ (Ln=Sm, Eu, Dy and Gd) 
 
All the chemicals used in the sample preparation were of ‘Analytical Reagent’ grade 

and procured from Sigma Aldrich. Zirconyl oxychloride (ZrOCl2), strontium nitrate 

Sr(NO3)2, ammonium nitrate (NH4NO3) and citric acid (C6H8O7·H2O) were used as 

starting materials for the synthesis in the molar ratio 1:1:10:1.25. First, Sr (NO3)2 and 

NH4NO3 were dissolved in quartz double distilled (QDD) water with stirring and then 

ZrOCl2 solution was added to it. Under vigorous stirring, citric acid solution (2 M) 

prepared initially was poured into the mixed solution resulting an opal gel. This gel 

was dried at 100oC for 10 h under IR lamp, and then transferred to a quartz beaker in 

a muffle furnace and kept at 300 oC for 10 min. so as to form an ash-colored fluffy 

substance. In this step, the actual combustion reaction takes place using citric acid as 

the fuel. The ash-like product was then calcined at 600 oC for 1 h. resulting in a white 

powder. The obtained white powders were ground and calcined at different 

temperatures. For preparation of Ln3+ doped sample (1.0 mol %), appropriate quantity 

of lanthanide nitrate were added at the initial stage prior to addition of ZrOCl2 so that 

the final rare earth concentration was 1.0 mol %. 

5.2.2. Characterization of SrZrO3 
 
5.2.2.1. Phase purity and Structure: XRD 
 
Figure 5.1 indicates the XRD patterns of SrZrO3 samples obtained after different 

annealing temperatures. The patterns matched with orthorhombic phase of SrZrO3 

(ICDD file no 44-0161).  Smaller peaks due to minor impurities of SrCO3, observed 

in the pattern (around 2θ = 250), are hardly avoided at such a low calcination 

temperature and a short time. However, their existence seems to have little influence 
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on the luminescence of SrZrO3, comparing the emission spectra of the present sample 

and SrZrO3 synthesized by another method [239]. Pure SrZrO3 could be obtained on 

annealing the samples above 800oC. The XRD data was indexed on an orthorhombic 

system with space group Pnma having cell parameters a = 5.817 Å, b=8.204 Å and 

c=5.797 Å as represented in Table 5.1.EDXRF pattern shown in Figure 5.2 further 

confirms the formation of pure SrZrO3 at 600oC. 

 
Figure 5.1: XRD patterns of the SrZrO3 samples annealed at different 
temperatures and the standard JCPDS pattern for file no 44-0161. The peaks 
corresponding to minor impurity phases are identified by asterisk.  
 

 
      Figure 5.2: EDXRF pattern for SrZrO3 
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Table 5.1: XRD data of strontium zirconate (λ= 0.15406 nm) annealed at 600oC 

2θ   values d value 
(Å) 

I/I0 h k l Lattice parameter 

25.181 3.5327 22 1 1 1 Due to SrCO3 (minor 
impurity) 25.837 3.4455 9 0 2 1 

30.796 2.9610 100 0  0  2 Due to SrZrO3 
a = 5.817 Å, b=8.204 
Å and c=5.797 Å 

44.073 2.0530 29 0 4  0 
54.676 1.6773 22 2 4  0 
64.122 1.4511 10 2  4  2 

 

X-ray line broadening takes place because of various reason like instrumental 

artefacts (Non-monochromaticity of the source, imperfect focusing) crystallite size , 

and residual strain arising from dislocations, coherent precipitates etc. Grain size from 

X-ray line broadening is obtained from Scherer’s formula. 

( )
θ
λθ

cos
94.02

L
B =            (5.1)  

where L is the crystallite size, λ is the wavelength (for Cu-Kα, λ=1.5418 Å) and B= 

√ (BM 2 −BS 2) (BM is the full width at half maximum of the sample and BS is that of a 

standard grain size of around 2 μm). From the Scherer formula, it can be noted that 

peak width (B) is inversely proportional to crystallite size (L). As the crystallite size 

gets smaller, the peak gets broader.  With increase in temperature; size of crystallite 

increases and so B decreases. A smaller particle gives a broader Bragg peak. Effect of 

temperature on the broadness of strong diffraction peak (30 degree) is shown in 

Figure 5.3. 

 

Figure 5.3: Effect of temperature on broadness of strong diffraction peak (30 
degree) 
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Ideal ABO3 perovskite structure has a cubic unit cell with Pm-3m space group having 

A atom at corner position (0, 0, 0), B atom at body centre position (1/2, 1/2, 1/2) and 

oxygen atoms at face centered position (1/2, 1/2, 0). The relative ionic size 

requirements for the stability of cubic structure are quite stringent; hence slight 

buckling and distortion can produce several low symmetric distorted compounds. The 

structure is commonly visualized as a three-dimensional network of regular corner-

linked BO6 octahedra, the A-cation being centrally located in the spaces between 

them. The most commonly occurring distortion in perovskites is octahedral tilting. 

This means that the tilting of the BO6 octahedra about one or more of their symmetry 

axes, maintaining both regularity of the octahedral (approximately) and their corner 

connectivity (strictly). Such tilting allows greater flexibility in the coordination of A-

cation, while leaving the environment of B-cation essentially unchanged. Crystal 

system adopted for a particular A and B cations can be predicted from the 

Goldschmidt’s tolerance factor (τ) [240], which is an indicator for the stability and 

distortion of crystal structures.  

                                                                                           (5.2)                        

where ra is the radius of the A-cation, rb is the radius of the B-cation and   ro is the 

radius of the anion (usually oxygen). When τ is near to unity, it has a cubic structure 

and whereas deviation from 1 leads to triclinic, orthorhombic, rhombohedral etc. 

SrZrO3 perovskite structure is built up from ZrO6 octahedra that form a network by 

sharing corners, in combination with the Sr2+ ion, which fills the hole in between the 

octahedra. The coordination number of Sr and Zr ions is 8 and 6 respectively. In 

SrZrO3, the size of Sr ion is smaller than the hole in an undistorted structure. The 

incorporation of a smaller ion in the perovskite structure is accompanied by rotation 

of the octahedra leading to the lowering of the symmetry with respect to an ideal 

perovskite. For this reason, SrZrO3 is considered to be pseudo cubic or orthorhombic 

at room temperature. A schematic of the crystal structure for the SrZrO3 and Gd3+ 

doped SrZrO3 is presented in Figure 5.4 
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. 

Figure 5.4: Schematic crystal structure of SrZrO3 

 

5.2.2.2. Morphological studies: SEM  

SEM studies showed that, the particles are uniformly distributed and mostly of 

spherical morphology as can be seen from Figure 5.5.  Furthermore, the particle size 

is in a narrow range, the average grain size of them is about 150 nm in diameter. The 

particle sizes increase with the increase in the temperature, because higher 

temperature can significantly promote the growth of particles and lead to excessive 

sintering and aggregation of particles. It is remarkable that all the samples have same 

morphology. These images exhibited homogeneous aggregates with a sphere-like 

aspect, which are composed of large number of small grains. Numbers on SEM 

micrograph at different temperatures indicate size of phosphor particle at that 

particular temperature. It can be seen that with increase in temperature, extent of 

agglomeration increases and therefore size increases. 

 
                        

Figure 5.5: SEM micrographs of SrZrO3 sample annealed at (a) 600 (b) 700 (c) 
800 and (d) 900oC at similar magnification. 
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5.2.2.3. Size distribution: DLS 
 
The average grain size of 0.5 mol% Eu doped strontium zirconate phosphor has also 

been obtained from the DLS studies, which show a narrow size distribution of 

particles centered at 100 nm (Figure 5.6). It was found that average particles size 

increases with increase in temperature.    

 
  

Figure 5.6: Size distribution plot obtained by dynamic light scattering studies 
strontium SrZrO3 sample annealed at (a) 600 (b) 700 (c) 800 and (d) 900oC. 

 

 
5.3. Unique properties of undoped SrZrO3: Luminescence 
and EPR 
5.3.1.  Emission spectroscopy 

As well-known, nanomaterials were abundant in defects. Fig. 5.7 showed the room 

temperature photoluminescence spectra of SrZrO3 nanoparticles. When exposed to 

243 nm Xenon flash lamp, the sample exhibited visible light emission in a broad 

range of 400–635 nm. The most intensive photoluminescence peaks centered at 425 

nm, implying violet-blue light emission. 
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                        Figure 5.7: Emission spectra of air sintered SrZrO3 

The PL profile is typical of a multiphonon process, i.e., emission that occurs 

by several paths and involves numerous states within the forbidden band gap. 

Considerable studies had verified that the photoluminescence properties of perovskite 

oxides arise because of oxygen vacancies and structural defects. Kan et al. reported 

that the photoluminescence intensity was directly related to the defects in the 

perovskite SrTiO3 crystals and films [241]. Further Longo et al. confirmed the defects 

related photoluminescence intensities through controlling the annealing temperature 

for perovskite SrZrO3 and BaZrO3 nanocrystals that were prepared by combustion 

method [242-244]. The higher the calcining temperature, the more frequent the ZrO6 

conformation and the more ordered the structure. The yellow and red peaks decrease 

and the violet-blue peaks increase with heat treatment, since yellow-red emission is 

linked to the disordered structure and violet-blue to the ordered structure. The visible 

spectrum wavelengths are usually between 400 nm and 700 nm. The energy carried 

by each visible photon is between 3.1 eV and 1.8 eV. Violet/blue color is more 

energetic than yellow/red/orange component. In our experiments, the intense violet 

and blue emission was therefore attributed to shallow defects in the band-gap and a 

more ordered structure, while the weak yellow and red emission was linked to defects 

deeply inserted in the band-gap and disorders in the lattice. Therefore it can be 

concluded that in SrZrO3, each colour has a different origin and is linked to a specific 
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structural arrangement. When the sample was exposed to UV light, deep and shallow 

defects generated localized states in the band gap and non-homogeneous charge 

distribution formed traps for electrons. Due to the energy dependant localized levels, 

exciting the trapped electrons requires various energies. After excited, the blue 

luminescence originated from the recombination process in which an excited electron 

of the conductive band (CB) lost its energy and re-occupied the energy levels of an 

electron hole in the valence band (VB) through the localized defect levels.  

5.3.2 Theoretical calculations  

The calculated lattice parameters for SZ are a = 5.845 Å, b =8.295 Å and c = 

5.909 Å using GGA-PBE, which agree well with our XRD data of a = 5.797 Å, b = 

8.204 Å and c = 5.817 Å and other experimentally determined values [245] within 

less than 1.5% deviations. Therefore, the GGA approximation is able to provide 

reliable results for the equilibrium lattice constants of the present system. The GGA-

PBE calculated band gap for SZ is 3.7 eV which is not in agreement with the 

experimental value of 5.6 eV by optical conductivity analysis of the polycrystalline 

sample at room temperature [246]. But our calculated band-gap energy matches very 

well with previous GGA-PBE calculation of Z. Guo et al. [247]. The underestimation 

of band gap energy is a typical problem of DFT calculations in the GGA 

approximation. Nevertheless, the present calculations properly reproduce the good 

insulating character of ideal SZ.  

 Three structural models were built based on the ideal/ordered SZ structure (o-

SZ) (Fig. 5.8) in order to simulate the disordered types and structural complex 

vacancies associated with them: (i) by displacement of the Zr (f-SZ); (ii) by 

displacement of Sr (m-SZ); and (iii) by simultaneous displacement Zr/Sr (fm-SZ) as 

described by V.M. Longo et al. [242]. The DOS were calculated with the total 0.5 Å 

vector displacement of the Zr and Sr network in all the dislocated models. 



Chapter 5 

170 
 

 
Figure 5.8: Schematic of SrZrO3 unitcell. Arrows indicate direction of atomic 
displacement for the Zr and Sr network. O1 and O2 are the axial and planar 
oxygen atoms, respectively. 
 The calculated total and orbital angular momentum resolved DOS for o-SZ, f-

SZ, m-SZ and fm-SZ are shown in Fig. 5.9, ranging from -4 eV below the top of the 

VB to 6 eV above and presenting the principal orbital states, which influence the gap 

states. As seen in Fig. 5(a), the upper valence bands (VB) consist of O 2p states taking 

equivalent contributions from axial and planar oxygen atoms (shown in Fig. 4) with 

some additional contributions from Zr 4d states. The lower conduction bands (CB) are 

mainly Zr 4d states with some additional contributions from O 2p states. This clearly 

indicates covalent nature of Zr-O bonds and these DOS characters of SZ are 

consistent with the previous GGA results of Guo et al. [247]. In the case of f-SZ (Fig. 

5(b)), the VB is composed of O 2p states and the upper part of VB, i.e. the new states, 

is composed mainly of axial oxygen 2p states. In the m-SZ case (Fig. 5(c)), the upper 

part of VB is composed mainly of planar O 2p states. The fm-SZ structure shows a 

strong axial oxygen contribution in the new DOS present in the upper part of VB 

which is analogous to the f-SZ model. Moreover, the band gap energies of o-SZ, f-SZ, 

m-SZ and fm-SZ are 3.7, 2.96, 3.10 and 2.76 eV, respectively. The displacement in 

network former causes increased disorder in the lattice compared to the network 

modifier. The greater disorder occurs when both network modifier and former are 

displaced. This disorder is characterized by the reduction in band-gap energy in the 

disordered model [242]. Even though the numerical values of the GGA-PBE 

calculated band-gap energies of dislocation model structures are not correct but it 

follow the same sequence in which degree of disorder is present in these model 
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structures. Therefore, the DOS features of o-SZ, f-SZ, m-SZ and fm-SZ are 

essentially similar to the DOS calculated by Longo et. al. [242] using DFT based 

calculations combined with the B3LYP hybrid functional. So the GGA-PBE 

methodology captures the essential features of structural defects and degree of 

disorder in SZ resulting from network former and modifier displacements. 

 
Figure 5.9: Total and orbital angular momentum projected DOS for: (a) o-SZ, 
(b) f-SZ, (c) m-SZ and (d) fm-SZ models. The vertical lines represent Fermi level.  

 The displacement in Zr (former) network promotes an increased disorder in 

the lattice when compared to the Sr (modifier) network. The greater disorder occurs 

when both the atoms are displaced. This disorder is characterized by the reduction in 

band-gap energy in the disordered model. The decrease in band gap in structurally 

disordered powder can be attributed to defects and/or local bond distortion, which 

yield local electronic levels in the band gap of this material. Increased disorder is 

linked to deep defects inserted in the band-gap and increased order is associated with 

shallow defects, which disappear when total order is reached. Increased disorder is 

due to presence of [ZrO5. VO
..] and [ZrO5. VO

.] complex clusters and are deeply 

inserted in the band-gap, leading to orange–red PL emission. [SrO11. VO
..]  and [SrO11. 

VO
.] complex clusters are linked to shallow defects in the band-gap and lead to a more 

energetic PL emission (violet–blue light) [242]. The deep defects linked to the Sr/Zr 

disorder are associated with the 2p states of axial oxygens and evidently shown in 
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Figure 5.9 (d). The shallow defects can be ascribed to the 2p states of planar oxygens 

in the VB as described in our DOS analysis. Increasing the lattice order causes these 

complex vacancies and the PL emission to disappear. The presence of oxygen 

vacancy is also confirmed by EPR studies as discussed in section 5.3.4 

 

5.3.3. Excitation spectroscopy 

To confirm that emission in SrZrO3 is mediated by defect and is responsible 

for origin multicolour, we have recorded excitation spectra (Figure 5.10) 

corresponding to violet, blue, yellow and red emission. It was observed that excitation 

spectral feature remains same at entire wavelength range, dominated by a wide band 

center at about 246 nm (5.04eV), which indicates that the UV irradiation energy can 

be efficiently absorbed by SrZrO3 host lattices and then is transferred to the emission 

centers. This band belongs to the host absorption band (HAB) and is generally 

ascribed to the charge transfer from the oxygen ligands to the central zirconium atom. 

 
Figure 5.10: Excitation spectra of air sintered SrZrO3 under different excitation 

wavelength 

5.3.4. EPR spectroscopy for probing defect 

Electron paramagnetic resonance (EPR) shows a great potential for studying 

the local structure and properties of nanoparticles. It has to been noted that the 

influence of external factors on the radio-spectroscopic characteristics of nanosized 

and large (microns) particles is not identical since the charge state and other 

characteristics of intrinsic and impurity defects in nanoparticles depend on particle 

size and surface conditions. The EPR spectrum of bare SrZrO3 (Fig. 5.11), recorded 

after the final calcinations in air, is not a flat line (as one should expect in the case of 

the perfect stoichiometry) and shows an intense and asymmetric signal of the spin 
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Hamiltonian at room temperature indicating the presence of some intrinsic defects in 

the as prepared material.  In the literature, this signal is related with singly ionized 

oxygen vacancies VO
• and vacancy-related defects, [248-250] where the single 

asymmetrical peak g presents some variations of 1.9560–2.0030. We believe that the 

changes in g values are related to differences in the preparation method, chemical 

environment, and heat treatment conditions. The broad line width of signal indicates a 

certain degree of heterogeneity (several species differ slightly in spectral parameters) 

typical of disordered environments, such as those found at the surface of 

nanostructured crystals. Even broader signals are found, for instance, for species 

formed at the surface of TiO2 [251].  Matta et al. [252] used EPR measurements to 

verify the phase transformation from tetragonal to monoclinic zirconia and observed a 

signal g =2.0018, which was attributed to trapped single electrons located in oxygen 

vacancies of ZrO2. Lin et al. [253] reported that the EPR band at g=1.9800 is oxygen 

vacancy related. Thus, in the disordered structure, these VO
• are linked to ZrO5 

clusters, called [ZrO5 · VO
•] oxygen complex clusters [244]. 

 
        Figure 5.11: X-band EPR spectra of SrZrO3 sample recorded at RT 

5.3.5. Luminescence decay 

Emission lifetimes were recorded using the time-correlated single-photon-

counting (TCSPC) technique. The new experimental setup is described as follows: 

samples were excited with 243 nm laser pulses provided by the frequency-doubled 

output of Nd: YAG pumped OPO laser regenerative amplifier operating at a 10 Hz 

repetition rate. The decay curves of SrZrO3 annealed at 600oC (as prepared sample) 

are shown in Figure 5.12 at excitation wavelengths of 243 nm monitoring emission at 

various wavelength  on a 100 µs scale and fitted using biexponential decay as 

mentioned in equation 3.4. The decays measured here were all found to be multi-
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exponential in all the cases and could be adequately fit to a sum of two exponentials. 

The life-time values and % occupancy of each species obtained under different 

emission are given in Table 5.2. Broadly life time values obtained were ~2.00 and ~ 

12.0 µs which are attributed to different types of defects present in bare SrZrO3 

nanocrystals. Slower decaying species was attributed to shallow defects in the band-

gap and a more ordered structure whereas the faster decaying component is linked to 

defects deeply inserted in the band-gap and disorders in the lattice. 

Table 5.2: Life time and % occupancy for the life time of SrZrO3 host with 

different emission wavelength 

λem (nm) τ1 in µs and (% occupancy for 

short lived species) 

τ2 in µs and  (% occupancy 

for short lived species) 

425 violet) 1.85 (50) 13.9 (50) 

468 (blue) 1.99 (49) 12.2 (51) 

593 (yellow) 2.00 (48) 11.7 (52) 

615(red ) 2.14 (44) 10.4 (50) 

 
Figure 5.12: Decay curves of SrZrO3 sample. Samples were excited at 243 nm 
and the emission was monitored at different wavelength. 
5.4. Luminescence properties of SrZrO3:Sm3+ 

5.4.1. Excitation and Emission spectroscopy of Sm3+ doped SrZrO3 

Trivalent samarium ions emit a considerably bright luminescence in the visible and 

near infrared region in various kinds of host materials. The luminescence bands 

observed in this ion emission are due to transitions between the energy levels in the 

4f5 electron configuration. The excitation spectrum of the system at 597 nm emission 

is shown in figure 5.13. Broad band in the range of 200–275 nm and was assigned to 

the charge transfer band O2–→Sm3+ (CTB) peaking at 243 nm. In the wavelength 

region 320–550 nm, several excitation peaks are observed and are located at 346 nm 
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(6H5/2-6H13/2), 365 nm (6H5/2-4D3/2), 379 nm (6H5/2-6P7/2), 407 nm (6H5/2-4F7/2), 417 nm 

(6H5/2- 6P5/2), 438 nm (6H5/2-4G9/2), 462 nm (6H5/2-4I9/2), 469 nm (6H5/2-4I11/2),  473 nm 

(6H5/2-4I13/2) and 485 nm (6H5/2-4I15/2) which are attributed to f–f transitions of Sm3+. 

From the excitations spectrum, it was found that the intensity of f–f transition at 407 

nm is high compared with the other transitions and has been chosen for the 

measurement of emission spectra of SrZrO3: Sm3+ phosphors. The most intense peak 

at 407 nm clearly indicates that these phosphors are effectively excited by near 

ultraviolet light emitting diodes. 

 
    Figure 5.13: Excitation spectra SrZrO3:Sm3+. Inset shows the f-f lines of Sm3+ 

Fig. 5.14 reveals that the emission spectra of Sm3+ ions doped SrZrO3 with an 

excitation wavelength of 243 nm (CTB)/ 407 nm (f-f band). Spectral features remain 

same on excitation with 250 nm (charge transfer) and 406 nm (f-f band). It is also 

noticed that, the intensities of emission bands are found to be low, when excited with 

the characteristic absorption band at 407 nm of Sm3+ ions, compared to that of 

emission intensities obtained with LMCT excitation band (250 nm). This may be due 

to the fact that the Sm3+ absorption bands corresponding to the f-f transitions are 

forbidden and exhibit poor absorptivities in UV region. The high intensities of 

emission bands when excited with LMCT are due to the intramolecular energy 

transfer (IMET) process, which occurs in the UV region. The emission spectra consist 

of two parts: one is due to host in the region of 400-550 nm, another region 

comprising three sharp emission lines from 550 to 700 nm are the characteristic of the 

samarium ions. Three peaks are ascribed to the 4G5/2-6H5/2, 4G5/2-6H7/2 and 4G5/2-6H9/2 
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transitions at 565, 597 and 643 nm of the Sm3+ ions, respectively. The peak at 703 nm 

is due to 4G5/2-6H11/2 transition.  Among these, the transition at 597 nm (4G5/2-6H7/2) is 

having the maximum intensity, which corresponds to the red emission of SrZrO3:Sm3+ 

phosphors. It can be stated that the strong red emitting transition 4G5/2-6H7/2 at 597 nm 

(ΔJ = ±1) is a partly magnetic dipole (MD) and partly electric dipole(ED) nature 

emission band. The other transition at 565nm (4G5/2-6H5/2) is purely MD natured and 

at 643 nm (4G5/2-6H9/2) is purely ED natured, which is sensitive to crystal field. 

Generally, the intensity ratio of ED and MD transition has been used to measure the 

symmetry of the local environment of the trivalent 4f ions. The greater the intensity of 

the ED transition, the more the asymmetry nature. In our present study, the 4G5/2-6H5/2 

(MD) transition of Sm3+ ions is less intense than 4G5/2-6H9/2 (ED) transition, indicating 

Sm3+ occupied asymmetric site in SrZrO3.   

We know that coordination number of Sr and Zr ions is 8 and 6 respectively. 

Since ionic size difference between  8-coordinated Sr2+ (126 pm) and 8-coordinated 

Sm3+ (108 pm) is less,  Sm3+ ions occupying  the Sr2+ sites will not lead to a large 

distortion in the lattice and if the associated defect due to charge difference is at a 

large distance, the local site symmetry will be having an inversion symmetry. On the 

other hand 6- coordinated Sm3+ with ionic size 96 pm while occupying 6-coordinated 

Zr4+ (ionic size 72 pm) has a larger size difference and can lead to distortion in the 

octahedra and the resulting in local site without inversion symmetry. On the other 

hand 6- coordinated Sm3+ with ionic size 96 pm while occupying 6-coordinated Zr4+ 

(ionic size 72 pm) has a larger size difference and can lead to distortion in the 

octahedra and the resulting in local site without inversion symmetry. Thus observed 

spectra where 4G5/2-6H5/2 (MD) transition of Sm3+ ions is less intense than 4G5/2-6H9/2 

(ED) transition can be attributed to majority of Sm3+ ions occupying Zr4+ site without 

inversion symmetry though oxygen vacancies are introduced in vicinity to ensure 

local charge compensation. In SrZrO3 the Zr4+ ion has the local symmetry D2h within 

the ZrO6 octahedron. However, the ionic radius of Sm3+ exceeds that of Zr4+ by about 

24 pm (96 vs. 24 pm) and therefore induces a significant lattice distortion. From 

symmetry considerations it is known that in a noncubic environment a 2S + 1LJ 

manifold of RE3+ ion containing an odd number of electrons is split to J + 1/2 Stark 

levels with each level maintaining two-fold Kramers degeneracy [254]. Indeed, in the 

case of 6H5/2 and 6H7/2 the corresponding number of spectral lines can be counted. For 
6H9/2 and 6H11/2 some of the transitions are probably too weak to be resolved. Splitting 
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in the spectral line of Sm3+ further supports the fact that majority of samarium ion 

occupy low symmetric Zr4+ site. 

 
Figure 5.14: Emission spectra of air sintered SrZrO3:Sm3+ at excitation 
wavelength (a) 243 nm (CTB) (b) 407 nm (f-f band) 
 
5.4.2. Decay Time and TRES studies: 

In SrZrO3 perovskite structure the coordination numbers of Sr and Zr ions are 8 and 6 

respectively as already discussed that can be occupied by the Sm3+ ions. To get an 

idea about the nature of the dopant ion occupancy in these lattice sites, PL decay time 

(life time) studies were conducted. The decay curves corresponding to the 4G5/2 level 

of Sm3+ ions in the 1.0 mol % samarium doped SrZrO3 shown in Figure 5.15 at 

excitation wavelength of 407 nm, monitoring emission at various wavelength viz. 

565, 597 and 643 nm.  For SrZrO3:Sm3+, a good fit was found to a biexponential 

decay using the similar equation as mentioned in equation (3.4). Broadly, the analysis 

showed the presence of two components; one short lived and one long lived.  In all 

the cases roughly the life time values were ~500 µs (short component, T1, 75 %) and 

1.6 ms (long component, T2, 25 %) which can be indicative of the presence of two 

emitting species or states.  
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Figure 5.15:  Luminescence decay time profile of SrZrO3:Sm3+ at λex-407 nm 
under λem-565, 597 and 643. 
 

Makishima et al. [255] previously investigated the luminescence of Sm3+ in 

BaTiO3 host lattice and found that the spectra consist of the two different series with 

various properties. They also found that some foreign ions can change the relative 

strength of the emissions of the two series owing to a charge compensation 

mechanism. On the basis of their results, they concluded that one series of the 

emissions is attributed to Sm3+ at the Ti4+ site, while the other series of emissions is 

related to the presence of Sm3+ in the Ba2+ site. 

Assuming a given phonon energy (same host for the lanthanide ions), a 

relatively longer PL decay time should be attributed to a more symmetric site, as the 

f-f transition becomes more forbidden, whereas a shorter decay time is often 

associated with an asymmetric site due to relaxation in the selection rules. In SrZrO3 

perovskite structure the coordination numbers of Sr and Zr ions are 8 and 6. Species 

T1 (500 µs) which is the major one  arises  because of Sm3+ ions occupying 6-

coordinated Zr4+ site without inversion symmetry  whereas minor species T2 (1.6 ms) 

can be ascribed to Sm3+ ions occupying 6-coordinated Sr2+ with inversion symmetry. 

These results also corroborates our emission studies where we have observed that   

majority of Sm3+ ions occupying Zr4+ site without inversion symmetry.   

In order to identify the environment associated with the species exhibiting 

different life-times, time resolved emission spectra (TRES) were recorded at different 

time-delays with constant integration time. Figure 5.16 shows the spectra recorded 
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with time delays of 600 µs, and 3.0 ms respectively with integration time of 50 µs. As 

seen from the Figure 16 after and giving a delay time of 600 µs; characteristic 

emission predominated by Sm3+ ions in asymmetric environment (Intensity (643) > 

Intensity (597)) was observed. After delay time of 3.0 ms, the emission characteristics 

were overall similar to those observed after 600 µs delay with difference in intensity 

which is usually expected. 

The spectra observed after 3.0 ms delay is expected from long-lived species 

(1.6 ms) as the other species would have reduced in intensity by a factor of e-6. The 

spectra obtained after 600 µs delay time has contributions from both short-lived and 

long-lived species. The spectral characteristics of short lived species were obtained by 

subtracting the contribution of long-lived species (obtained mathematically using the 

spectra observed after 3.0 ms delay) from the observed spectra of 600 µs delay. 

Spectra for short lived and long lived species obtained after mathematical calculations 

are shown in the Figure 5.17. The 4G5/2→6H5/2 line is observed at 565, which 

originates from the magnetic dipole (MD) transition, and does not depend on 

chemical surroundings of the luminescent centre and its symmetry. However, the 

hypersensitive 4G5/2→6H9/2 transition at 643 nm is magnetic-dipole forbidden and 

electric-dipole allowed and its intensity increases as the environmental symmetry 

become lower. The asymmetry ratio was found to be 0.28 and 0.128 for short lived 

(µ= 500 µs) and long lived (τ= 1.6 ms) species respectively. This is in correspondence 

with phonon energy concept where short lived species will have more asymmetric 

component than long lived species. 

 
               Figure 5.16: Time-resolved emission spectra of SrZrO3:Sm3+ nanophosphor 

under the excitation at 243 nm after giving suitable delay time 
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               Figure 5.17: Time-resolved emission spectra of for short and long lived Sm3+ ion 

in SrZrO3 

 

 

5.4.3. Energy Transfer from Host to Rare-Earth Ions in 
SrZrO3:Sm3+  
5.4.3.1. Luminescence Experiment 

An obvious spectral overlap between the emission of host (oxygen-vacancy) 

and the excitation of Sm3+ can be observed, which is shown in Fig. 5.18.  According 

to Dexter theory [256] an effective energy transfer (ET) requires a spectral overlap 

between the donor emission and the acceptor excitation. Consequently, the effective 

ET from the host to Sm3+ ions is expected. Therefore, the samples SrZrO3 and 

SrZrO3:Sm3+ were subjected into oxygen-deficient atmosphere (vacuum) to sinter 

with an attempt to observe the influence of the oxygen vacancies on the PL of the 

powders. We adopted vacuum atmosphere rather than reduction atmosphere sintering 

for preventing the reduction of Zr4+ in SrZrO3 and SrZrO3:Sm3+. The results presented 

in Fig. 5.19 indicate that the sintering in vacuum is quite effective to improve the 

violet-blue emission of SrZrO3 compared to emission intensity of air sintered sample 

as mentioned in earlier Figure 5.14. It is safe to say that the vacuum-sintering in this 

study can create oxygen vacancies effectively. Comparing with the air-sintered 

SrZrO3:Sm3+ phosphor (Figure 5.14), the red emission intensity increased about 150% 

when the sample is sintered in vacuum. Based on the above results, we can suggest 

that the PL intensity enhancement in the vacuum-sintered SrZrO3:Sm3+ phosphor is 

related to the creation of the oxygen vacancies. To clarify the relation between the red 

emission and oxygen vacancies in the vacuum-sintered SrZrO3:Sm3+, the emission 

(435 nm) of SrZrO3 and SrZrO3:Sm3+ were examined. The results are shown in Fig. 
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15; the ET process from host (oxygen-vacancy) to Sm3+ can be confirmed, as the 

violet-blue emission is largely decreased after Sm3+ doping into SrZrO3. 

Consequently, in vacuum, the ET between the host and luminescence center (Sm3+) 

becomes more effective,   leading to higher red emission intensity.  

 
Figure 5.18: Emission spectra SrZrO3 (λex-243 nm) and excitation spectra of 
SrZrO3:Sm3+ (λem-597 nm)  
 

 
Figure 5.19 Energy transfer from host to Sm3+ ion (Vacuum sintered sample). 

                 

5.4.3.2. Electronic structure  

To obtain a clear picture of the effect of samarium doping in ideal/ordered SZ, 

a 2x2x1 supercell (with 80 atoms) of o-SZ was made and one Sm atom is placed in Sr 

position (Sr-SZ), which corresponds to doping level of 6.25 atom%. Another 2x2x1 

supercell with one Sm atom placed in place of Zr atom was also made (Zr-SZ). Then 

these two structures were optimized with respect to volume, b/a, c/a ratio and atomic 

positions. Our GGA-PBE optimized equilibrium volume shows a reduction of 0.827 

Å3 and increase of 3.0 Å3 for the Sr-SZ and Zr-SZ compared to o-SZ unitcell, 
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respectively. In whichever position Sm goes, parent host structure remains 

orthorhombic and our XRD data for Sm doped SZ signifies this theoretical prediction.  

 To identify the localization of Sm ion in the distorted SZ (fm-SZ), two 2x2x1 

supercell (80 atoms) of fm-SZ was made. In one case, one Sm atom was placed in 

position of a Sr atom (Sr-fm-SZ) and in another case one Sm atom was placed in 

position of a Zr atom (Zr-fm-SZ), which corresponds to 6.25 atom% doping. Total 

DOS calculated with these Sm doped supercells are shown in Figure 5.20 (a) and (b). 

In both the cases, the calculated band gaps, 2.69 eV for Sr-fm-SZ and 2.77 eV for Zr-

fm-SZ (Fig. 5.20(a) and (b)), are comparable to the 2.76 eV for fm-SZ. Small change 

in the calculated band gap usually signifies small change in degree of order/disorder 

prevails in fm-SZ. 

 PL spectra of vacuum sintered SrZrO3:Sm3+ sample (Fig. 5.19) shows an 

energy transfer from host to Sm3+ at a higher wavelength compared to undoped 

SrZrO3. In other words, Sm doping increases the disordering prevails in the host 

SrZrO3. Therefore, localization of Sm atoms solely in the Sr position or in the Zr 

position does not justify the increase of disorder in the host SrZrO3. In order to further 

reveal possible localization of Sm ions, a 2x2x2 supercell (160 atoms) of fm-SZ was 

made and two Sm atoms were placed each in the Sr position and Zr position. Total 

DOS calculated with this Sm doped supercell is shown in Figure 5.20 (c) and the band 

gap of 2.2 eV can be evaluated from the same. The reduced band gap compared to fm-

SZ is manifestation of increase in disorder and it is justifying energy transfer from 

undoped SrZrO3 to vacuum sintered SrZrO3:Sm3+ sample at higher wavelength. Thus, 

localization of Sm ions is most probable in both Sr as well as Zr positions. These 

theoretical results are in complete agreement with our luminescence lifetime 

measurements described in section 3.5. Further the lifetime studies have shown the 

presence of Sm3+ in SZ nanocrystal having life time value of 500 µs and 1.6 ms 

corresponding to Sm3+ at Zr and Sr sites respectively. 

 The information about bonding mechanism could be provided by the partial 

DOS. Fig. 5.20 (c) shows partial DOS of Sm3+ doped both in Sr and Zr position of 

fm-SZ. Overall DOS for CB and VB of Sm3+ doped fm-SZ is similar to that of fm-SZ 

(as described in Fig. 5.9 (d)). But the presence of some additional states in the band 

gap of Sm doped fm-SZ makes it different in the band gap region. The additional 

states in the upper part of VB (in the energy range -0.3 to 0 eV, scaled by Fermi 

energy (EF)) are mainly contributed by the 4f-nonbonding states of Sm3+ placed in the 
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position of Zr atoms of fm-SZ. Moreover, the additional states in the lower part of CB 

(in the energy range 2 to 2.25 eV, scaled by EF) arise mainly from 4f-nondonding 

states of Sm3+ localized in the Sr position of fm-SZ. So the reduction in band gap of 

Sm3+ doped fm-SZ can be manifested from the presence of 4f-impurity states of Sm3+  

in the band gap. Apart from the impurity states, the 4f-states of Sm3+ (localized at Zr 

position) are hybridized with O 2p-states in the energy range -4.2 eV to -0.25 eV. 

Importantly, the 4f-states of Sm3+ are concentrated in the energy range of -4.2 to -0.25 

eV and 2.5 to 5 eV (scaled by EF) and these energy ranges are also the lower VB 

portion and upper CB portion of the fm-SZ, respectively. Therefore, distribution of 

4f-states of dopant Sm3+ are matching well with the Zr(d)-O(p) bonding states, Zr 

non-bonding d-states as well as defect states of host fm-SZ.  Thus, the overlap of 

electronic DOS between host fm-SZ and Sm3+ doped fm-SZ makes the energy transfer 

process from host fm-SZ to Sm3+ doped fm-SZ feasible.  

 
Figure 5.20: Total DOS for Sm doped fm-SZ in (a) Sr position and (b) Zr 
position. Total and partial DOS of Sm doped fm-SZ in both Sr and Zr position 
(c). The vertical lines represent Fermi level (EF).   
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5.4.4. Photoluminescence mechanism in Sm3+ doped SZ 

A combination of experimental study and theoretical calculations enable us to derive 

further insight into the energy transfer and transition mechanism (shown in Figure 

5.21). In Sm3+ doped fm-SZ, the absorption band is associated with excitation of 

oxygen-vacancy-trapped electrons from shallow and/or deep defect states (present in 

the top of the VB) to defect states present in the lower part of the CB. Subsequently, 

the photo excited electrons in the defect states of CB may migrate to the Sm3+ related 

multiple excited states through the process of energy transfer, due to the energy match 

between the electronic states of fm-SZ and the energy states of Sm3+ (as shown in 

Figure 5.20 (c)). Finally, the excited photo-electrons at the excited f-states of Sm3+ 

could transfer to the long lived 4G5/2 of Sm3+ via non-radiative relaxation, and then 

produce strong orange-red emission (combined by the emission of 565, 579, 643 and 

703 nm) via radiative relaxation.  

.  

 
Figure 5.21: Schematic of energy transfer mechanism from SrZrO3 host to Sm3+ 
ions. 
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5.4.5. Materials Performance: Color coordinates  

To evaluate the material performance on color luminescent emission, CIE 

chromaticity coordinates were evaluated for undoped and 1.0 mol% doped sample 

adopting standard procedures. The values of x and y coordinates of the system were 

calculated to be 0.202 and 0.166 respectively. This is represented as the point ‘*’ in 

the CIE diagram shown in Figure 5.22 (a). It is clear from the values that, strontium 

zirconate, give a ‘violet-blue’ emission. The color can be tuned to orangish-red 

emission (x = 0.550 and y = 0.375) on doping 1.0 mol% Sm3+ as shown in Fig. 5.22 

(b). 

 
Figure 5.22: (a) CIE index diagram of (a) SrZrO3 and (b) SrZrO3:Sm3+ system 
showing violet blue white and red emission (point *) respectively. 
 
5.4.6 Radiative and non-radiative transition in SrZrO3:Sm3+ compared 
to pure Sm2O3 powder- Photoacoustic spectroscopy 

When a periodically chopped light falls on a sample enclosed in an air tight 

enclosure, called PA cell the molecules of the sample become excited from the ground 

state to the higher energy state after the absorption of radiation. These excited 

molecules may relax to the ground state either through emission of photon, called 

radiative transition or by energy transfer through non-radiative process. As a result of 

this non-radiative de-excitation process a small amount of heat is generated within the 

sample. The heat, thus generated within the sample diffuses across the sample 

boundary, gives rise to temperature variation in the coupling gas (air) adjacent to the 

sample, which result in the periodic pressure fluctuations and is finally detected in the 

form of the acoustic signal by a sensitive microphone. The technique is especially 

sensitive whenever non-radiative relaxation pathways are more predominant 

compared to radiative transition. It is known that a compound in the excited state will 

relax by two processes: radiative and non-radiative processes. PA spectrum only 

responds to the non-radiative relaxation process, whereas the PA signal of 
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fluorescence energy levels, which relax by radiative process, will be very weak or 

vanished. The PA spectra of pure Sm2O3 and Sm3+ doped SrZrO3 are shown in 

Fig.5.23. As compared to pure powder the PA spectra of SrZrO3:Sm3 is very weak and 

broad and moreover most of the transitions are not well resolved. Pure samarium 

oxide shows very sharp PA spectra with lot of features. The PA spectra of Sm2O3 

samples can reveal the absorption and relaxation processes of Sm3+. The PA intensity 

spectrum of Sm2O3 at room temperature is shown in Figure 5.23. It is distinguished by 

sharply defined and almost line like absorption band. Compared with the absorption 

spectra in solution, the PA spectrum is more complex and more intense. 

 
                 Fig.5.23. PA spectra of SrZrO3:Sm3+ 

 In Fig. 5.23, the strongest PA band appears in the region of 400 and 471 nm 

which is attributed to the transition from the ground state to excited state 4P3/2 and 4I3/2 

[257, 258]. This indicates that the superior relaxation process of 4P3/2 and 4I3/2 is non-

radiative relaxation. The weaker PA bands in the region of 556 and 525 nm are 

attributed to the transitions from ground state to the excited state 4G5/2 and 4F3/2  

respectively. The 4G5/2 level is the first excited state of Sm3+, which means the 

radiative relaxation of 4G5/2 is its prominent process. Since the 4F3/2 level have many 
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similarities with the 4G5/2 level, the energy transferred to this level is easy to be 

transferred to the 4G5/2 level. So 4G5/2 and 4F3/2 are two radiative levels of Sm3+. As 

indicated in Fig. 5.23, the PA intensity corresponding to these two levels is fairly 

weak. Among the energy levels of Sm3+, the longest-lived energy level is 4G5/2 (about 

6.26 ms) and it is also a strong fluorescence energy level [259]. The electron in the 

excited level 4G5/2 has a high probability to take a radiative relaxation process. When 

the electrons are excited to higher energy levels such as 4G7/2, 4F3/2, usually they will 

relax to 4G5/2 by a non-radiative process, and then relax by radiative process 

(fluorescence), which can be interpreted according to the model discussed by Yang 

et.al. [260]. In Fig. 5.23, PA signals of the energy levels 4G7/2, 4F3/2, 4G5/2 are so weak 

that we could just detect them, whereas excitation spectra shows all such transitions. 

In doped sample, PA intensity is very weak compared to pure powder. This study 

confirms that non-radiative component is negligible small in SrZrO3:Sm3+ and this 

might be a good candidate for near ultraviolet (~ 400 nm) light emitting diodes. 

5.5. Luminescence properties of SrZrO3:Eu3+ 

5.5.1. Effect of annealing temperature on PL properties: 

To investigate the effect of annealing temperature on the PL properties of the 0.5 

mol% Eu doped zirconate phosphors, the as-formed sample (finally heated at 6000C) 

was further annealed at 700, 800 and 900 0C and the changes in PL intensity and 

decay profile (λex=229 nm and λem=594 nm) were measured. Decay curves obtained 

for samples annealed at different temperatures could be fitted as a bi-exponential 

decay indicating that Eu3+ ions in two different environments are present in the host. 

Two life-times obtained by bi-exponential fitting showed similar variation due to 

annealing sample at different temperatures. The PL emission and decay time obtained 

for long-lived species are presented in Figure 5.24. It was observed that, the PL 

intensity and decay time increased with increase in temperature up to 800oC while 

above 800oC, a decrease in intensity and nearly constant decay time were observed.  

Initial increase in decay time and finally attaining saturation can be attributed to 

reduction in non-radiative transitions as a result of reducing surface defects with 

increasing annealing temperature up to 800°C and beyond this there is no change in 

number of surface defects. This also resulted in increase in the intensity with 

increasing annealing temperature up to 800°C, however, on annealing the sample at 

900°C though decay time remained constant (suggesting no change in surface defects) 
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the sample intensity decreased. The decrease in intensity therefore cannot be 

attributed to non-radiative decay resulting from surface defects. SEM studies have 

shown that the 900 °C annealed samples is highly agglomerated and can lead to 

reduced intensity because of scattering effects on incident and emitted light.   
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           Figure 5.24: Variations in PL emission and decay time with annealing 

temperature. 
 

Based on these observations, further investigations on the system were carried out on 

the sample which was giving the best emission output (0.5 mol% sample annealed at 

8000C). 

5.5.2. Excitation and Emission characteristics: 
 
Figure 5.25 shows the excitation spectra (λem = 594 nm) of the 0.5 mol% Eu doped 

strontium zirconate sample annealed at 800oC. The sharp peak at 229 nm belonged to 

host absorption band (HAB) and is ascribed to charge transfer from the oxygen to 

central Zr atom of ZrO3
2- [261]. A broadband in the region of 240–300 nm has been 

attributed to the O2–→Eu3+ charge transfer band (CTB), which is caused by the 

electron transfer from 2p orbits of O2– ions to 4f shells of Eu3+ ions. The sharp lines in 

300-500 nm are attributed to intra-configurational 4f-4f transition of Eu3+ in host 

lattice. The peaks seen at 320, 360, 380, 393, 420, 460 and 480 nm were assigned to 

electronic transitions of 7F0 → 5H3, 5L9, 5L7, 5L6, 5D4, 
5D3 and  5D2 respectively. 430-
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500 nm region excitation spectra were recorded by keeping yellow filter on excitation 

side. 
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Figure 5.25: Excitation spectra of the powder sample of SrZrO3:Eu3+ 0.5 mol% 

annealed at 800oC.  
 
Figures 5.26 (a) (b) and (c) show the emission spectra for SrZrO3:Eu3+ annealed at 

800oC at λex = 229 nm (Host absorption band), 296 nm (Charge transfer band) and 

393 nm (f-f band) respectively. The  spectra consists of  series of peaks in the range of 

560-730 nm corresponding to the characteristic transition of Eu3+ , from the excited 
5D0 state to 7FJ (J= 1-4 ) levels. However emission characteristics were observed to be 

different in relative intensities with the different excitations. This also confirmed the 

presence of Eu3+ ions at more than one site having different environments.  The 

orange emission (590–600 nm) of Eu3+ due to the magnetic dipole transition (MDT) 
5D0→7F1 is not affected much by the site symmetry because they are parity-allowed; 

while the red emission (~610–630 nm) due to the electric dipole transition (EDT) of 
5D0→7F2 being  hypersensitive is affected by the site symmetry of Eu3+ ion.   

 Upon excitation at 229 nm (Host absorption band), the emission spectrum 

exclusively contains the strong bands of 5D0→7F1 (594 nm), 5D0→7F2 (614) and the 

very weak lines of 5D0→7F3 (653 nm) and 5D0→7F4 (704 nm). Moreover 5D0→ 7F1 

line at 594 nm (MD) is very strong in comparison to 5D0→ 7F2 line at 614 nm (ED). 

Very weak emission from the ZrO3
2- group is observed indicating efficient energy 

transfer from the host to the rare earth ions. On the other hand, upon excitation by 296 

nm (charge transfer band), emissions due to the rare earth and the host both could be 

seen in the emission spectrum. Moreover 5D0→ 7F2 line at 614 nm (ED) is very strong 
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in comparison to 5D0→ 7F1 line at 594 nm (MD). Also with 296 nm excitation, the 
5D0→7F4 transition, which is also electronic dipole transition, is stronger, whereas it 

appears very weak on excitation with 229 nm excitation. Upon excitation with 393 

nm, corresponding to the 7F0 → 5L6 band, emission properties similar to that of CTB 

excitation were observed. The observed differences in the spectra on different 

excitation wavelength suggested the possibility of Eu3+ ions occupying minimum two 

types of sites in the host.  

 
Figure 5.26 (a): Emission spectra at (a) 229 nm excitation (b) 296 nm excitation 
and (c) 393 nm excitation of the powder sample of SrZrO3:Eu3+ 0.5 mol% 
annealed at 800oC.  
 

 Huang et al [261] has ascribed such differences in strontium zirconate matrix 

to presence of europium at different sites. Since ionic size difference between  8-

coordinated Sr2+ (126 pm) and 8-coordinated Eu3+ (107 pm) is less,  Eu3+ ions 

occupying  the Sr2+ sites will not lead to a large distortion in the lattice and if the 

associated defect due to charge difference is at a large distance, the local site 

symmetry will be having an inversion symmetry. On the other hand 6- coordinated 

Eu3+ with ionic size 95 pm while occupying 6-coordinated Zr4+ (ionic size 72 pm) has 

a larger size difference and can lead to distortion in the octahedra, resulting in local 

site without inversion symmetry. Thus different spectra observed with different 
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excitations can be attributed to (i) Eu3+ ions occupying Sr2+ site with inversion 

symmetry and (ii) Eu3+ ions occupying Zr4+ site without inversion symmetry. The 

charge balance after substitution of ions with differing charges can be achieved either 

by (i) simultaneous substitution of 2 Eu3+ ions one at Sr site and another at  Zr4+ site 

or (ii) With adequate Sr vacancy and presence  of O related defects. 

 

5.5.3. Decay Time and TRES studies: 

 In order to understand the Eu3+ substitution at the two sites detailed 

investigations were carried out for the three excitations involving life-time and time 

resolved emission characteristics. The decay curves corresponding to the 5D0 level of 

Eu3+ ions in 0.5 mol % europium doped SrZrO3 annealed at 800oC are shown in 

Figure 5.27 at excitation wavelengths of 229, 296 and 393 nm monitoring emission at 

594 nm.  Decay curves could not be fitted with single exponential decay and it was 

observed that the curves could be fitted with as bi-exponential decay using same 

equation as 3.4. The life-time values and % occupancy of each species obtained under 

different excitations are given in Table 5.3. 

 
Figure 5.27: Luminescence decay time profile of the Eu doped strontium 

zirconate annealed at 800oC   (a) λex-229 nm (b) λex-296 nm and (c) 393 nm under 
λem – 594 nm 

 
Table 5.3: Life time and % occupancy for the Eu3+species in 8000C annealed              
sample with different excitation wavelength 

λex (nm) τ1 in ms and (% occupancy 
for short lived species) 

τ2 in ms and  (% 
occupancy for short lived 
species)

229 (HAB) 1.0 (14%) 6.0 (86%) 

296 (CTB) 1.0 (65%) 4.0 (35%) 
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393 (f-f band) 1.0 (49%) 6.0 (51%) 

 

As seen from Figure 5.27 and Table 5.3, for all the three excitations, decay 

curves displayed two major life-times indicating the presence of Eu3+ ions in two 

different environments; however the % occupancy was different with each excitation. 

Further, 296 nm excitation showed a presence of separate species with life-time of the 

order of 4 ms.  In order to identify the environment associated with the species 

exhibiting different life-times, time resolved emission spectra were recorded for the 

three excitations (viz. 229, 296 and 393 nm) at different time-delays with constant 

integration time.  

Figure 5.28(a) shows the spectra recorded with time delays of 10 μs, 1 ms and 7 ms 

respectively with integration time of 50 μs. As seen from Figure 5.28 (a), on 

excitation with host absorption band after and giving a delay time of 10 μs, ZrO3
2- 

emission (host) in 350-550 nm region peaking around 450 nm (host emission) along 

with weaker europium emission from 5D0 as well as from higher excited levels 5D1, 
5D2 etc., was observed. It is interesting to note that the broad band emission due to the 

transition within the zirconate group appeared only at the very early time of 10μs 

(Figure 5.28a). This suggested that the zirconate emission is too weak to be observed 

(relative to Eu3+
 emission) in the long time resolved emission spectrum. The rapid 

energy transfer is responsible for the quenching of zirconate emission in Eu3+ -doped 

SrZrO3. The broad zirconate emission band of Eu3+-doped SrZrO3 peaked at around 

440 nm and extended from 375 nm to 525 nm. In comparison with zirconate emission 

band observed for the non-doped SrZrO3 crystal [262], the band is shifted about 30 

nm to longer wavelengths.  

 Further as delay time was increased to 1 ms, broad emission from host reduced in 

intensity and characteristic emission predominated by Eu3+ ions in symmetric 

environment (Intensity (594) > Intensity (614)) was observed. After delay time of 7 ms, 

the emission characteristics were overall similar to those observed after 1 ms delay, 

with a small reduction in intensity ratio I614/I594 suggesting that the two species (τ=1 

ms & τ = 6ms) have differences in local site symmetry.  The spectra observed after 7 

ms delay is expected from long-lived species (6 ms) as the other species would have 

reduced in intensity by a factor of e-6. The spectra showed stronger emission from 5D0 

→ 7F1 transition indicating that the long-lived species can be ascribed to Eu3+ ions 
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having symmetric environment with inversion symmetry. The spectra obtained after 1 

ms delay time had contributions from both short-lived and long-lived species. The 

spectral characteristics of short lived species were obtained by subtracting the 

contribution of long-lived species (obtained mathematically using the spectra 

observed after 7 ms delay) from the observed spectra of 1 ms delay. Spectra for short 

lived and long lived species obtained are shown in Figure 5.28(b) below. As seen 

from the figure, short lived species showed stronger emission from 5D0 → 7F2 

transition indicating that the Eu3+ ions exhibiting short life-time are in asymmetric 

environment without inversion symmetry.  

 Similar exercise was carried out for 296 nm excitation and spectra with 

different delay times are shown in Figure 5.29(a) and the spectra obtained for short-

lived (1 ms) and long-lived (4 ms) species by following similar approach as 

mentioned earlier are shown in Figure 5.29(b). As seen from Figure 5.29, on 

excitation with charge transfer band after delay time of 10 μs, ZrO3
2- emission in 350-

550 nm region peaking around 450 nm (host emission) along with weaker europium 

emissions from excited states 5D0 5D1, 5D2 etc. were observed. Further as the delay 

time was increased to 1 ms, broad emission from host reduced in the intensity and 

characteristic emission predominated by Eu3+ ions in asymmetric environment 

(Intensity (614) > Intensity (594)) was observed. After delay time of 7 ms, the emission 

characteristics were overall similar to those observed after 1 ms delay. This suggested 

the presence of Eu3+ ions at asymmetric environment for both the species. Spectra 

obtained after appropriate treatment for 1 and 4 ms life-time species confirmed the 

findings with marginal difference in spectra.  

Since no host emission was noticed, while recording emission spectra on excitation 

with 393 nm, time resolved emission studies were carried out only in 550-750 nm 

range and displayed in Figure 5.30 for the short lived and long-lived species.  As seen 

from the figure, emission observed for short-lived species is predominated by Eu3+ 

ions in asymmetric environment without inversion symmetry  and emission spectra 

obtained for long-lived species corresponds to that of Eu3+ in symmetric environment. 

The spectra obtained for all excitations with short life-time (1 ms) are almost similar 

and can be attributed to Eu3+ ions in asymmetric environment without inversion 

symmetry. Similarly the Eu3+ ions exhibiting 6 ms life-time under 229 and 393 nm 

excitation are similar and arise due to Eu3+ ions having   symmetric environment with 
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inversion symmetry. The spectra obtained on excitation with 296 nm having life-time 

4 ms is due to Eu3+ ions in asymmetric  environment; the ions in symmetric 

environment are not getting excited by this excitation. In general, Eu3+ ions are 

present in three different environments in the host matrix.  

                 

 
               Figure 5.28: Time-resolved emission spectra of SrZrO3:Eu3+ nanophosphors 

annealed at 800oC under the excitation at 229 nm (a) after giving suitable delay 
time (b) for short and long lived species 

 
 

 
               Figure 5.29: Time-resolved emission spectra of SrZrO3:Eu3+ nanophosphors 

annealed at 800oC under the excitation at 296 nm (a) after giving suitable delay 
time (b) for short and long lived species 
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Figure 5.30: Time-resolved emission spectra of SrZrO3:Eu3+ nanophosphor   
annealed at 800oC under the excitation at 393 nm for short and long-lived 
species. 

 

The symmetric environment observed for long lived species (6 ms) can be  because of   

Eu3+ ions occupying Sr2+ site with inversion symmetry and short lived species (1 ms 

and 4 ms) can be ascribed to Eu3+ ions occupying   Zr4+ site without  inversion 

symmetry. The difference in life-time observed for Eu3+ ions at Zr4+ site suggests a 

differences in their non-radiative pathways probably due to minor difference in 

environment such as presence of charge compensating defect being in near vicinity or 

residing far off.  

393 nm excitation corresponds to f-f absorption due to 7F0 → 5L6 transition is 

expected to occur at nearly same position for both species of Eu3+ ions and % 

occupancy of Eu3+ ions is observed to be nearly same with this excitation.  The 

deviation in % occupancy observed with host band and charge transfer band 

excitation can be the result of differences in energy transfer to the Eu3+ ions at specific 

sites. In particular charge transfer band selectively excite Eu3+ ions sitting at Zr4+ site 

and is not at all exciting the ions present in symmetric environment. Host absorption 

band excites both the Eu3+ (i) EuSr and (ii) EuZr ; transfers most of its energy to Eu3+ 

sitting at Sr2+ .    

The ratio of intensity of red line (5D0 → 7F2) to orange line (5D0 → 7F1) in Eu3+ is 

shown to be related to degree of covalency between Eu3+ and O2- [263]. The larger the 

difference in the intensities of these two lines, larger is the asymmetry and covalency 

effects. In case of short lived species, 5D0 → 7F2 is markedly more intense as 
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compared with those of 5D0 → 7F1 line  i.e. R/O shows marked increase, so larger is 

the asymmetry and covalency effect around the Eu3+  ion site. Emission spectrum of 

the long lived species (τ~6.0 ms) shows that intensity of 5D0 → 7F1 transition is more 

than that of 5D0 → 7F2 transition. This shows R/O decreases and so are the asymmetry 

and covalency around Eu3+ ion. 

5.5.4. Evaluation of J-O parameters of the Eu3+sample: 
The J–O analysis of the emission spectrum is a powerful tool for calculating the 

parity-forbidden electric-dipole radiative transition rates between the various levels of 

a rare earth ion such as Eu3+ [264, 265]. Through these analyses, the local 

environment around the metal ion can be interpreted. It is possible to determine the J-

O intensity parameters Ωλ (where λ = 2, 4 and 6 etc.) from the emission spectral data. 

For these analyses, the corrected emission spectra with respect to the source and 

detector response were taken into consideration. The details of these analyses of the 

emission spectra for calculating the J-O parameters of Eu3+ ion in various matrices are 

discussed elsewhere [266]. Since JO parameter is calculated based on the emission 

spectra of the Eu3+ ion, normal emission spectra  gives J-O parameter of composite 

system (both long lived and short lived species), whereas the time resolved spectra 

gives the J-O parameters of individual species based on their different spectra. Since 

in this case different excitation wavelength produces different emission spectra, JO 

parameter in case of 229, 296 and 393 nm excitation wavelengths will be different. 

The J-O parameters for the two types of Eu3+ species (obtained from the TRES 

spectra after suitable delay time) for all excitation is mentioned in Table-4.4. The J-O 

parameter, Ω2 exhibits dependence on the covalence between rare-earth ions and 

ligands and gives information about the asymmetry of the local environment of Eu3+ 

site.  

Table 4.4: J-O intensity parameters of the Eu3+ doped SrZrO3 annealed at 800oC 

Eu3+ Species Long lived  Short  lived 
Ω2 (10-20 cm2) Ω4 (10-20 cm2) Ω2 (10-20 cm2) Ω4 (10-20 cm2) 

λex-229 nm  4.93 4.04 1.11 1.37 
λex-296 nm 1.17  1.56 1.15 1.49 
λex-393 nm  4.89 3.94 1.19 1.56 

 

For 229 nm and 393 nm, the trend observed in the parameters (Ω2 < Ω4) for short 

lived component proves that the particular species is present in an asymmetric 

environment. On the other hand, for the long-lived species the trend observed in the J-
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O parameter was Ω2 > Ω4 which confirms our observation that long-lived species sits 

at more symmetric Sr site, whereas short-lived species sits at relatively less symmetric 

Zr sites. For 296 nm, for both species (Ω2 < Ω4) which ascertain their presence in 

asymmetric environment. This is in confirmation with our spectral findings as 

obtained from TRES which says on excitation with 296 nm, two types of Eu3+ ( τ ~ 

1ms and 4ms) gets excited but both are presence in asymmetric environment. The 
5D0→7F3 transition could not be accounted for by either the magnetic or electric 

dipole mechanisms. Table 5.5 shows spectral features of three types of Eu3+. 

Table 5.5: Spectral characteristics of three different types of Eu3+ 
 

Species Life time Environments 

Short -Lived 1.0 ms Eu3+ sitting at Zr4+ 

296 nm selectively excited 

short-lived species 

4.0 ms Eu3+ sitting at Zr4+. The two 

Zr4+ sites differs in their non-

radiative pathways due to 

presence of charge 

compensating defects 

 Long lived 6.0 ms Eu3+ sitting at Sr2+ 

 

5.5.5. Evaluation of colour coordinates: 

To evaluate the material performance on colour luminescent emission, CIE 

chromaticity coordinates were evaluated adopting standard procedures. The values of 

x and y coordinates of the system were calculated to be 0.66 and 0.29 respectively. 

This is represented as the point ‘×’ in the CIE diagram shown in Figure 5.31. It is 

clear from the values that, SrZrO3:Eu3+ system, gives a ‘Red’ emission. Table 5.6 

represents chromaticity coordinates for sample annealed at different temperature and 

at different excitation wavelength. Since 800oC annealed sample was showing the 

maximum emission intensity, chromaticity coordinates at 296nm and 393 nm 

excitation is determined for that particular sample only. 
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Table 5.6: Chromaticity coordinates for sample annealed at different 
temperature and at different excitation wavelength. 

Sample annealing 
Temp 

λex (nm) X coordinate 
of CIE 

Y coordinate of 
CIE 

800 oC  
(Showing maximum 
intensity) 

229 0.632 0.366 
296 0.570 0.342 
393 0.582 0.416 

600 oC 229 0.594 0.356 
700 oC 229 0.605 0.327 
900 oC 229 0.626 0.333 

 

 
Figure 5.31: CIE index diagram of SrZrO3:Eu3+ system annealed at various   

temperatures and at different excitation wavelength. 
Point a, b and c indicates CIE co-ordinates for samples annealed at 800oC at excitation wavelength of 
229 nm, 296 nm and 393 nm respectively. Point d, e and f indicate CIE co-ordinates for samples 
annealed at 600oC, 700oC and 900oC at 229 nm excitation wavelength respectively. 
 

      5.6. Luminescence and EPR properties of SrZrO3:Gd3+ 

It is well known that phosphor materials which emit visible light are mostly formed 

by doping the oxide materials with rare earth ions. Thus, it is clear that the 

wavelength of the emitted spectrum depends on the energy states of the dopant ions. It 
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is also known that Gd3+ ion has a very wide space between energy states. Therefore, 

an oxide material that is doped with Gd ions would be expected to emit an ultraviolet 

spectrum. In this work, Gd3+ doped SrZrO3 nanoparticles were synthesized and their 

luminescence properties were investigated. 

Gadolinium is an excellent probe to investigate distinct varieties of environment in a 

particular host using EPR spectroscopy. The ground state (GS) of Gd3+ (4f7, ground 

state 8S7/2) is essentially an S-state. The crystal field induced by the surrounding 

ligands does not split an S-state to first order. Nevertheless, although the GS is 

slightly admixed with higher energy states (the first excited level 6P7/2 lies at 31000 

cm-1 above the GS), relatively large crystal field (CF) splitting are observed. As Gd3+ 

is paramagnetic in nature, electron paramagnetic resonance (EPR) technique can be 

very effectively used to find out its environment. This is the first report on EPR and 

luminescence investigations of Gd3+ doped SrZrO3. 

5.6.1. Emission and Life time  

Figure 5.32a shows the excitation spectrum of Gd3+ doped SrZrO3 observed at room 

temperature. The spectrum exhibits an intense band at 274 nm and weaker bands at 

around 246 nm, 253 nm, and 280 nm. These bands can be ascribed to the 4f–4f intra 

configurational transitions of Gd3+ ions between 8S ground state and 6IJ and 6DJ 

multiplets [267]. The observed band positions and their assignments are given in 

Table 5.7. The observed band positions are in good agreement with the optical 

absorption band positions reported for Gd3+ ions by Binnemans et al. [268]. Figure 

5.32b shows the emission spectrum observed in the ultra violet region with excitation 

wavelength fixed at 274 nm. The emission spectrum exhibits an intense band centered 

at 313 nm and two weak bands on either side of the intense band at 306 and 319 nm. 

Gd3+ is unique among triply ionized rare-earth ions having an energy difference 

between the 8S7/2 ground state and the first excited state 6P7/2 which is the largest in 

the series. According to the mean free-ion parameters of Gd3+, the excited state is 

predicted to be 32,200 cm-1, above the ground state [269]. The intense peak observed 

at 313 nm has been attributed to 6P7/2→8S7/2 of Gd3+ ions. A weak photoluminescence 

band observed at 306 nm has been assigned to 6P5/2→8S7/2 transition. Vetter et al. 

[270] and Shishonok et al. [269] observed a similar peak for Gd3+ ions in aluminium 

nitride (AlN) and boron nitride (BN), respectively.  
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Table 5.7: The observed band positions Gd3+ doped SrZrO3 along with their 
assignments 

Observed Band Position(nm) Transition 

246 8S7/2 →6D7/2 

253 8S7/2 →6D9/2 

272 8S7/2 →6I13/2 

279 8S7/2 →6I9/2, 
6I11/2 

280 8S7/2 →6I7/2 

 

 The decay curves of Gd3+ doped SrZrO3 annealed at 600oC (as prepared 

sample) are shown in Figure 5.33 at excitation wavelengths of 274 nm monitoring 

emission at 313 nm  on a 2 ms scale and fitted using the equation mentioned in 3.4. 

Inset in Figure 5.33 shows plot of residuals with life time and is indicative of 

closeness of fit value with real life time. This is indicated with chi-square value 

(2.14). Decay curves are displaying two life-times indicating the presence of Gd3+ 

ions in two different environments (56 µs and 345 µs). It is reported that in nano-sized 

phosphors rare earth ion exhibit two lifetimes one arising out of conventional 

emission and other is the lifetime of the same level of rare earth ions near and/or on 

the surface [271-273].  

 
Figure 5.32: Photoluminescence spectra of the Gd3+ doped SrZrO3 calcined at 
600oC (a) Excitation spectrum of SrZrO3:Gd3+ (λem= 313 nm) and (b) Emission 
spectrum of SrZrO3:Gd3+ (λex= 274 nm) 
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Figure 5.33: Luminescence decay time profile of the Gd3+ doped SrZrO3   

annealed at 600oC (as prepared sample) at λex-274 nm under λem – 313 nm 
 

 5.6.2. EPR studies 
 
Gd3+ has 4f7 electronic configuration with a free-ion ground state of 8S7/2. For a pure 
8S7/2 state, the only nonzero interaction in a magnetic resonance experiment is the 

Zeeman splitting. S-state ions are much less sensitive to the crystal field than other 

ions, being only affected by second-order interactions [274]. Unlike the other 

Kramers (i.e., odd number of electrons) rare-earth ions, Gd3+ has a relatively long 

relaxation time, making it observable at higher temperatures, including room 

temperature. It was reported that  the EPR signal of Gd3+  in disordered hosts (when 

present at concentration less than 2 mol %) exhibits a broad complex structure at g ca 

6.0, 2.8 and 2.0 referred in text as the “Ubiquitous” spectrum or U-spectrum [275–

277]. Figure 5.34 shows the representative X-band EPR spectrum of Gd3+ doped 

SrZrO3 measured at room temperature. EPR spectrum recorded at room temperature 

(RT) consisted of broad U - type spectrum having at g ca 6.0, 2.8, and 2.0. Apart from 

this, a weak shoulder at g ca 4.8 was also observed. There is lot of controversy on the 

origin of these signals in Gd doped glasses or in disordered systems [278]. The g 

signals observed at 6.0 and 2.8 are attributed to tetrahedral, octahedral or cubic sites 

of weak crystal field [279].  In these cases, Gd ions situated in an environment having 

coordination number greater than six were responsible for this signal, whereas the 

weak shoulder at 4.8 was attributed to Gd ions situated at sites of strong crystal field 

having low coordination number. Brodbeck and Iton [280] have offered more 

meaningful explanation for occurrence of U-type spectrum. They have shown that the 

observed U-spectrum could be deconvolutaed into two contributions (a) a broad 
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distribution of crystal field parameter b0 for Gd3+ ions with a maxima in the range 

0.051 < <0.056 cm-1 and (b) a broad distribution of asymmetry parameter λ= /  

in the range 0.0 <λ<1.0. They have offered an explanation that U-spectrum will be 

observed in case of S-state ion like Gd3+ ion, when they are situated in environment 

having high coordination number within the lattice due to irregular occupancy of sites 

by chemically inequivalent ion. In the present investigation, the U-type spectrum may 

be arising due to the presence of Gd3+ ion at Sr2+ site having high coordination 

number (C.N=8) or it might be associated with presence of Gd 3+ ions on surface of 

the nanocrystalline region leading to the asymmetry in the coordination sphere (due to 

incomplete coordination sphere of Gd3+ situated on the surface of nanocrystals), 

whereas the relatively sharp signal at g =2.0 is associated with isolated Gd3+ ion in 

polycrystalline region. The Gd3+ present on the surface of nanocrystals can be treated 

as those ions which are not going to lattice site. 

 
                Figure 5.34: X-band EPR spectra of Gd3+ doped SrZrO3 at room 

temperature 

      5.7. Luminescence properties of SrZrO3:Dy3+ 

Figure 5.35 shows excitation spectra (λem = 576 nm) of the 0.5 mol% Dy doped 

strontium zirconate (as prepared sample) respectively. In the excitation spectrum, the 
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sharp peak observed at 229 nm was assigned as the host absorption band (HAB) 

occurring due to the charge transfer from the oxygen ion to the central Zr atom of 

ZrO3
2- [261]. A broad hump observed in the region of 240–255 nm has been attributed 

to the O2–→Dy3+ charge transfer band (CTB), which is caused by the electron transfer 

from 2p orbits of O2– ions to 4f shells of Dy3+ ions [281]. The excitation lines of Dy3+ 

ion can hardly be detected, because the absorption intensity of the f–f transitions of 

the Dy3+ ions in the longer wavelength region is very weak with respect to that of the 

ZrO3
2- groups, suggesting that the excitation of the Dy3+ ions is mainly through the 

energy transfer from the ZrO3
2-groups to Dy3+ ions. The sharp lines observed in the 

wavelength range 300-450 nm, are attributed to the 4f-4f transition of Dy3+.  The 

peaks seen at 326, 351, 366, 387, 427 and 450 nm were assigned to electronic 

transitions of 6H15/2 → 6P3/2, 6P7/2, 6P5/2, 4I13/2, 4G11/2 and 4I15/2 respectively. Figures 

5.36 (a) (b) and (c) show the emission spectra for SrZrO3:Dy3+ annealed at 600oC at 

λex = 229 nm (Host absorption band), 243 nm (Charge transfer band) and 351 nm (f-f 

band) respectively. 

        

Figure 5.35: Excitation spectra of the powder sample of SrZrO3:Dy3+ annealed at 
600oC (as prepared sample). 
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Figure 5.36: Emission spectra of the powder sample of SrZrO3:Dy3+ (as prepared 
sample) on excitation with (a) 229 nm (host absorption band) b) 243 nm (charge 

transfer band) and (c) 351 nm (f-f band) 
 

Upon excitation into the zirconate group at 229 nm, the emission spectrum is 

characterized by  three bands located at 482, 577 and 677 nm corresponding to the 

transitions 4F9/2 → 6H15/2 (blue), 4F9/2 → 6H13/2 (yellow) and 4F9/2 → 6H9/2 (red) 

respectively. Spectral features remain same on excitation with 243 nm (charge 

transfer) and (f-f band).  No emission from the ZrO3
2- group is observed, indicating 

the efficient energy transfer from the ZrO3
2- group to Dy3+ ions. However emission 

characteristics were observed to be different in relative intensities with the different 

excitations as shown in Figure 5.37.  

 
Figure 5.37: Effect of excitation wavelength on emission intensity of blue and 

yellow line 
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Emission intensity of both blue and yellow lines is found to be highest on excitation 

with 229 nm (Host absorption band), decreases with 243 nm (Charge transfer band) 

and least for 351 nm (f-f band). PL intensity is found to be least with f-f band because 

f-f transitions are La-Porte forbidden transition and energy transfer by f-f band to 

Dy3+ will be less as compared to CTB and HAB, which are allowed transitions. The 

energy pumped to dysprosium ion by HAB, which is due charge transfer from the 

oxygen ion to the central Zr atom of ZrO3
2- (O2–→Zr4+) is more than that by charge 

transfer band, which is due charge transfer from filled 2p orbital of oxygen to vacant 

f-orbital of Dy3+ (O2–→Dy3+).  It is also known that the Dy3+ emission around 482 nm 

is of magnetic dipole and 577 nm is of electric dipole (ED) origin. Generally, when 

Dy3+ is located at a low symmetry (without an inversion center), the yellow emission 

is dominant, whereas the blue emission is stronger, when Dy3+ is located at a high 

symmetry (with an inversion center). However yellow emission at 577 nm (4F9/2 → 
6H13/2) is predominant in Dy3+ ion-doped SrZrO3 suggesting that the ligand filed 

deviates from inversion symmetry. This indicates that the luminescence centers Dy3+ 

are situated at low-symmetry local sites with no inversion centre. In perovskite 

structure, strontium is 8-coordinated and its ionic radii is 126 pm, whereas zirconium 

is 6-coordinated, whose ionic radii is 72pm.  Since the radius difference between  8-

coordinated Sr2+ (126 pm) and 8-coordinated Dy3+ (103 pm) is larger  than that  

between 6- coordinated Dy3+ (91 pm) and 6-coordinated Zr4+ (72 pm), most of the  

Dy3+ ions may occupy the Zr4+ sites and partly occupy the Sr2+ sites in SrZrO3 lattice. 

Ions size and charge differences between Dy3+ and Zr4+ sites disturb the local field, 

where such disturbance is evidenced by the more intense emission of 4F9/2 → 6H13/2. It 

can be concluded that the DyO6 octahedra in the SrZr1-xDyxO3 host lattice are 

distorted and there is lack of inversion symmetry at Dy3+ site. As evidence, the 

particular charge transfer band structure (shown in Fig. 5.35) consisting of peaks at 

239 nm and low shoulders at around 255 nm, is presumably associated with two kinds 

of Dy–O bonds, with different bond lengths in the slightly distorted DyO6 octahedra. 

In the case of SrZr1-xDyxO3, the incorporation of Dy3+ on an octahedral Zr4+ site will 

inevitably result in distortion of the ZrO6 octahedra. The distortion is due to the radius 

difference between Dy3+and Zr4+ ions as well as the generation of defects and oxygen 

vacancies. It is well known that positive ion is coordinated with more negative ions as 

possible, when they contact each other. The polyhedron form of the structure would 
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be determined by radius ratio of positive ion to negative ion. When the value of r+/r− 

(radiuscation/radiusanion) is more than 0.414, but less than 0.732, the selected 

coordination number of the positive ion is 6 and the octahedron structure come into 

play. However, when the value of r+/r− is beyond 0.732, the selected coordination 

number is 8. In strontium zirconate perovskite crystal lattice, the ion radii of O2− are 

0.1365 and 0.1535 nm corresponding to six-coordinate and eight-coordinate and the 

value of rDy3+/rO2 − are 0.668 and 0.669, respectively. Since the value of rDy3+/rO2- is 

less than 0.732; Dy3+ prefers to be six coordinated.  Furthermore, the ions radii of six-

coordinated Dy3+ (91 pm) is much closer to that of 6-coordinated Zr4+ (72 pm). 

Therefore, it is Zr4+ site that is the preferentially occupied site.  

The decay curves corresponding to the 6H15/2 level of Dy3+ ions in 0.5 mol % 

dysprosium doped SrZrO3 annealed at 600oC (as prepared sample) are shown in 

Figure 5.38 at excitation wavelengths of 229, 243 and 351 nm monitoring emission at 

576 nm.  The life-time values and % occupancy of each species obtained under 

different excitations are given in Table 5.8. As seen from Figure 5.38 and Table 5.8, 

for all the three excitations, decay curves display two life-times indicating the 

presence of Dy3+ ions in two different environments. 

 
Figure 5.38: Luminescence decay time profile of the Dy doped strontium 
zirconate annealed at 600oC (as prepared sample) (a) λex-229 nm (host 
absorption band) (b) λex-243 nm (charge transfer band) and (c) 351 nm (f-f band) 
under λem – 576 nm 
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Table-5.8: Life time and % occupancy for the Dy3+species in as-prepared sample 
with different excitation wavelength 

λex (nm) τ1 in μs and (% occupancy 
for short lived species) 

τ2 in μs and  (% occupancy 
for short lived species) 

229 (HAB) 40 (18%) 320 (82%) 

243 (CTB) 70 (20%) 338 (80%) 

 351 (f-f 

band) 

23 (20%) 408 (80%) 

 

In order to evaluate the colorimetric performance of the phosphor, the color 

coordinates for the sample SrZrO3:Dy3+ (0.5mol %) annealed at different temperature 

were calculated using the intensity-corrected emission spectra excited by 229 nm. The 

calculated CIE coordinates for SrZrO3:Dy3+ (0.5mol %)  nanophosphors are found to 

be 0.38 and 0.41, which are indicated in the CIE chromaticity coordinate diagram and 

confirm the yellowish white color (on the boundary line of CIE white domain), as 

shown in Fig. 5.41. The brightness of the phosphor increases with temperature due to 

pure phase, high crystallinity, and good dispersion of doping components inside the 

host material, which are easily obtained in the solution combustion method. 

Moreover, Yellow-to-blue (Y/B) intensity ratio (I577/ I482) falls in the region 1.14-1.36 

for all samples. It is expected that pure white light emission can be achieved by 

controlling suitable Y/B intensity ratio. To bring the color indices closer to the white 

light region, the as prepared samples were annealed at different temperatures.  

The influence of annealing temperature on the emission intensity of SrZrO3:Dy3+ was 

also investigated. The emission spectra of the as-synthesized sample with different 

annealing temperatures on 229 nm excitation are shown in Figure 5.39. With 

increasing annealing temperature, both the yellow emission at 574nm and the blue 

emission at 485nm are enhanced as result of the better crystallinity, which can be 

ascribed to the decrease in surface area, presumably due to the reduction of the 

concentration of inherent defects states which are source of non-radiative transitions.  

Figure 5.40 presents the temperature-dependent characteristic of Y/B value. The Y/B 

value decreased with increasing annealing temperature, indicating a lower annealing 

temperature is favorable to achieve superior chromaticity. The annealing temperature 

affected the Y/B value by controlling the particle size and crystallization, both of 

which had a great impact on the chromaticity. When the SrZrO3:Dy3+ samples are 

annealed at high temperature, the particle size increased and the number of surface 
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sites was reduced, resulting in poor chromaticity. At the same time, the particles were 

better crystallized, which could cause a lower level of disorder, further lowering the 

Y/B value. Larger Y/B value also reflects higher degree of covalency between Dy3+ 

and O2- [282]. With increase in temperature Y/B decreases and so is covalency 

between Dy3+ and O2-.  

The (x, y) color coordinates and the correlated color temperatures (CCT) of the all the 

annealed samples are given in Table-5.9. It can be seen from the table that all the 

samples show near white light emission, which improves on annealing at higher 

temperatures. This is pictorially shown in the CIE index diagram given in Figure 5.41. 

From this discussion, it is clear that, the simple perovskite ceramic SrZrO3, when 

doped with Dy ions, is capable of emitting near white light with 229 nm excitation 

and thus has enough potential to be a white light emitting phosphor. 

 
Figure 5.39: Emission intensity of the SrZrO3:Dy3+ as a function of annealing 

temperature. 

 
  Figure 5.40: Influence of annealing temperature on the Y/B value of the as-

prepared SrZrO3:Dy3+. 
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Figure 5.41: CIE index diagram of the SrZrO3:Dy3+ annealed at different 

temperatures, a-(as prepared sample), b-7000C, c-8000C and d-9000C. 
 

Table 5.9: CIE indices and the CCT of the Dy3+ doped SrZrO3 samples annealed 
at different temperatures. 

 
 

 
 
 
 
 
 
 
 

 
5.8. Summary 

Nanocrystalline SZ sample showed defect induced intense violet blue and weak 

orange red emissions. Based on EPR and theoretical studies, these defects were 

attributed to the presence of shallow and deep defects respectively. Their 

corresponding lifetimes were calculated using PL decay measurements. On doping 

Sm3+ in SZ, an efficient energy transfer takes place and Sm3+ ions are localized both at 

Sr and Zr positions of SZ. Theoretical calculation has shown that incorporating Sm at 

individual site does not change the band gap at all; but incorporating Sm 

simultaneously at Sr and Zr site decreases the band gap by 0.7 eV. PL decay time 

showed the presence of two life times in case of nanocrystalline SrZrO3:Sm3+: (i) 

Sm3+ at Zr4+ site (τ=500 µs) and (ii) Sm3+ at Sr2+ site (τ=1.2 ms) in the ratio of 3:1. In 

europium doped SZ sample also, europium is distributed between two sites, Sr and Zr; 

Annealing 

Temperature (0C) 

(x, y) coordinates Correlated color temperatures  

(CCT in K) 

600 (0.38, 0.41) 4217 

700 (0.36, 0.40) 4631 

800 (0.35, 0.39) 4941 

900 (0.35, 0.36) 4835 
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HAB (host absorption band) excites mostly Eu ion at Sr site, CTB (charge transfer 

band) excites mostly Eu ion at Zr site, where as f-f band excites both Eu ions at Sr and 

Zr sites equally. However Gd ion prefers Sr2+ sites and Dy ion prefers Zr4+ site only in 

SZ. Moreover SrZrO3:Dy3+ showed near white light emission due to presence of blue, 

yellow and red emission.  
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CHAPTER 6 
6.1. General Introduction 
 

Danielson et al. [283] have reported a novel blue luminescent material 

Sr2CeO4 prepared by combinatorial material synthesis technique, which exhibits the 

emission peak at 485 nm. The luminescence was believed to originate from a ligand-

to-metal Ce4+ charge transfer mechanism. Sr2CeO4 phosphor has been confirmed to 

have an orthorhombic crystal structure with one-dimensional chains of edge-sharing 

CeO6 octahedrons linked by strontium ions [284], and was considered to be a 

potential candidate for blue phosphors [285]. Thus, Sr2CeO4 belongs to a small group 

of crystals whose luminescence properties are governed by regularly located 

luminescent elements. The main feature of such luminescent systems is the interaction 

of its regular optical centers, which promote spatial delocalization of excitation 

energy. Such an interaction will facilitate the effective excitation energy transfer from 

the host to doped centers emitting in another spectral range. In addition, Sr2CeO4 was 

found to emit efficiently under ultraviolet, cathode ray and X-ray excitation [283, 

286]. The reported thermal stability study suggests that Sr2CeO4(s) is unstable at 

higher temperatures and decomposes peritectically to SrCeO3(s) and SrO(s) [287]. 

Sahu et al [288] have measured the thermal expansion and heat capacity of 

Sr2CeO4(s) as function of temperature and arrived at a second order phase transition at 

~750 K.  

Luminescent properties of materials were found to greatly depend on particle 

size, size distribution and particle morphology. Therefore, it will be interesting to 

develop different process parameters and synthetic routes to yield high quality 

Sr2CeO4.Various chemical methods have been developed for the synthesis of pure, 

single-phase powders with controlled powder characteristics of Sr2CeO4 phosphor. 

Based on the literature survey, it is clear that the preparation method and the 

precursors play an important role in the formation of pure Sr2CeO4 luminescent phase. 

High heating temperature is usually required for the preparation of Sr2CeO4 via 

conventional solid state reaction technique [283], [284], [289] and [290]. Relatively 

lower heating temperature is required for the synthesis of Sr2CeO4 via poly ethylene 

glycol sol–gel process [291], citrate–gel process [292], co-precipitation method [286], 

ultrasonic spray pyrolysis [293] and combustion reaction [294]. Other methods like 
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microwave-hydrothermal [295], microwave-solvothermal methods [296] and Pechini 

method [297-298] have also been adopted for the synthesis of Sr2CeO4. Serrra et al 

[297] has used pechini method for the synthesis of pure Sr2CeO4 at 1373 K and 

arrived at mixture of monoclinic Sr2CeO4 and CeO2. However they have not 

mentioned about the quantity of citric acid and PEG. The morphology and particle 

size has also not been described by the authors. Viagin et al [298] has also synthesized 

pure and Eu-doped Sr2CeO4 following the same procedure as Serra et al [297]. A 

systematic study has been carried out to optimize the synthesis conditions of Sr2CeO4: 

Eu3+ (mol % of Eu=0, 0.5, 0.8, 1.0, 3.0, 5.0, and 13.0) by complex polymerization 

method.   Very few reports are available on europium doped strontium cerate [298, 

299-301]. None of them discuss the systematic effect of europium concentration on 

the emission and lifetime properties.  

In this study, the formation temperature, morphology and photoluminescence 

of Sr2CeO4 phosphor doped with different amount of Eu3+ were investigated. We have 

extensively studied the effect of Eu3+ concentration on its PL properties in cerate host. 

Concentration is optimized for maximum luminance. Judd-Ofelt (J-O) parameter for 

Eu3+ in the cerate host was evaluated by adopting standard Judd-Ofelt (J-O) analysis 

procedures. These J-O parameters reflect the local structure around the metal ion in 

the host and provide information regarding nature of the metal-ligand bonding in the 

matrix. CIE chromaticity coordinates were evaluated both for undoped and doped 

system. 

6.2. Synthesis and characterization of Sr2CeO4:Eu3+  
 
6.2.1. Synthesis of Sr2CeO4:Eu3+  
 
Sr2CeO4: Eu3+ (mol % of Eu=0, 0.5, 0.8, 1.0, 3.0, 5.0, and 13.0) was synthesized by 

complex polymerization method. The starting materials were strontium carbonate 

(99.99%, M/s Alfa Aesar, Lancaster), Eu2O3 (99.95% purity supplied by Rare Earth 

Development Section, BARC, Mumbai), and CeO2 (99.9% purity supplied by Rare 

Earth Development Section, BARC, Mumbai). Citric acid (99.7%, M/s Chemco fine 

chemicals, Mumbai) was used as a complexing agent. Ethylene glycol (99.0%, M/s 

Thomas Baker, Mumbai) was used for polyestification to stabilize the complex. 

Strontium carbonate was heated at 1273 K to remove all the moisture before taking 

for the synthesis. Strontium carbonate was dissolved in minimum amount of nitric 
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acid.  Similarly both Eu2O3 and CeO2 were dissolved in minimum amount of 

suprapure nitric acid and analyzed for Eu and Ce content by ICP-MS. Appropriate 

amounts of these solutions were used for synthesis. All the metal solutions were 

mixed and citric acid was added to maintain fuel to oxidant ratio as 1. The pH of the 

solution was maintained around 5-6. Ethylene glycol was added to the resulting 

solution. Citric acid and ethylene glycol were added in the mass ratio of 6:4. The 

solutions were stirred for 20-30 minutes at 353 K. Then upon evaporation, it formed a 

yellowish transparent polymeric gel. Then the gel was burnt at 673 K on a hot plate. 

The foamy precursor was ground and kept at 773 K in a furnace for 5h. Then the 

respective precursors were uniaxially pressed using hardened steel die applying a 

pressure of 500MPa. The green pellets were heated at 1273 K for 30h. The heating 

rate used was 2 K min-1. 

6.2.2. Characterization of undoped and Sr2CeO4:Eu3+  
 
6.2.2.1. Phase purity and Structure: XRD 
 

The XRD patterns for Sr2CeO4: Eu3+ (mol % of Eu= 0.5, 5.0, and 13.0) 

superfine particles as prepared at various temperatures are shown in Fig. 6.1, 6.2 and 

6.3. JCPDF data files nos. 50-0115, 05-0418, 34-0394, 78-1830, and 47-1689 were 

used to identify Sr2CeO4, SrCO3, CeO2, Sr(OH)2H2O, and SrCeO3, respectively.  

The precursor of Sr1.995 Eu0.005CeO4 was heated at 1073 K, 1223 K and 1273K 

to check the progress in the formation of product. The sample heated at 1073 K 

showed the presence of peaks due to SrCeO3, SrCO3 and CeO2. When heated 

subsequently at 1223 K the peak intensity of CeO2 reduced and the peak intensity of 

SrCeO3 increased. When heated at 1273 K for 17 h, the peaks due to SrCO3, SrCeO3 

and CeO2 disappeared and the peaks due to Sr2CeO4 started appearing.  

 The precursor of Sr1.95 Eu0.05CeO4   showed somewhat different behavior. At 

1073 K, all the peaks were due to SrCO3 and CeO2. When heated subsequently at 

1223 K, the intensity of peak due to SrCO3 reduced and the intensity of Sr2CeO4 and 

CeO2 increased. At 1273 K, sample showed moisture sensitivity and a very few peaks 

were observed which were assigned to Sr2CeO4, SrCeO3 and CeO2. When heated at 

1373 K, most of the peaks were found to be of Sr2CeO4 with a few peaks of SrCeO3. 

Again when heated at 1443 K, Sr2CeO4 decomposed to SrCeO3 and SrO. While XRD 
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was recorded, SrO gets converted to Sr (OH) 2(H2O) on reaction with atmospheric 

moisture. 

The precursor of Sr1.87 Eu0.13CeO4 was found to show more moisture 

sensitivity than Sr1.995 Eu0.005CeO4    and Sr1.95 Eu0.05CeO4.  When heated at 1073 K, it 

showed peaks due to SrCO3, CeO2 and SrCeO3. Subsequently it was heated at 1223 

K, which showed the appearance of Sr2CeO4 phase along with SrCO3 and CeO2. At 

1273 K, peaks were found to be of Sr2CeO4 with a single peak of SrCeO3. When 

heated at 1373 K and 1443 K, both the XRD patterns were similar, which showed the 

decomposition of Sr2CeO4 to SrCeO3. 

From the above observations, it was concluded that the formation of Sr2CeO4 

is possible from SrCeO3 and SrO at 1273 K while heating for long time. Therefore the 

precursors were heated at 1273K for 30h. The X-ray diffraction pattern of the 

undoped and different Eu –doped Sr2CeO4 are given in Fig.6.4. There are no peaks 

due to any reactants or decomposed products. The crystallite size of powder samples 

were calculated from X-ray peak broadening of the diffraction using Scherer’s 

equation. The calculated average crystallite size of Sr2-x Eux CeO4 (x = 0, 0.005, 

0.008, 0.01, 0.02, 0.05, and 0.13) phosphors is in the range of 38-52 nm. In these 

calculations corrections for instrumental broadening were taken care of. 

 
Figure 6.1: XRD pattern of Sr1.995Eu0.005CeO4 at different temperature 
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Figure 6.2: XRD pattern of Sr1.95Eu0.05CeO4 at different temperature 

 
 

 
Figure 6.3: XRD pattern of Sr1.97Eu0.13CeO4 at different temperature 
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Figure 6.4: XRD pattern of undoped and doped strontium cerate at synthesized 

at 1323 K. 
 

6.2.2.2. Thermal analysis: TGA/DTA 
Fig.6.5 shows the TG-DTA curves for the precursor of Sr1.995Eu0.005CeO4 and 

Sr1.87Eu0.13CeO4 prepared by complex polymerization method. The TG curve showed 

three steps in this measurement. End of weight loss occurred around 1250 K. 

Endothermic peaks appeared at around 800 and 1150 K. Initially weight loss is 

continuous up to 790 K, which was due to continuous loss of absorbed moisture and 

dehydration of metal citrate. The first peak correspond to major weight loss at 800 K, 

is associated with the decomposition of polymeric network with possible formation of 

carbonates and burnout of most of the organic residues [302, 303]. The peak at 1150 

K might correspond to the decomposition of SrCO3 and formation of Sr2CeO4.  

In complex polymerization method, a stable metal–chelate complex between 

metal nitrates and citric acid was formed, which again formed a polymeric resin in the 

presence of ethylene glycol. The metal cations were homogeneously distributed in the 

polymeric resin and no combustion was observed. This can be confirmed by DTA 

analysis, since no exothermic peak due to combustion was observed. In case of 

involvement of volatile reactants and thermodynamically less stable desired product, 

complex polymerization method is more preferred than combustion synthesis. 
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Figure 6.5: TG-DTA curves for the precursor of Sr1.995Eu0.005CeO4 and 

Sr1.97Eu0.13CeO4 prepared by complex polymerization method 
  
6.2.2.3. Morphological studies: SEM  
The SEM photograph of Sr2CeO4 synthesized by the polymeric precursor 

route is shown in Fig. 6.6. The phosphor consists of many crystalline nanoplates with 

irregular shapes mostly in the form of nanobeads, which are linked together in a 

crotch-like way as shown in Fig. 6.6 (d). The distribution of particle size is in the 

range of 50-100 nm. The crotch like morphology is ascribed to slight sintering as a 

result of relative ductile property of alkaline earth metals [304]. 
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Figure 6.6: SEM micrograph of strontium cerate sample calcined at 1000 oC for 

30 h in air at different magnifications (a) 2000X (b) & (c) 5000 X and (d) 10000 X 
 

                      
6.3.  Luminescence properties of Sr2CeO4 

Figure 6.7(a) shows excitation spectra (λem = 485 nm) of the strontium cerate 

sample. The excitation spectrum consists of two peaks a broadband at 315 nm and a 

shoulder at 360 nm. In Sr2CeO4, there are two different types of Ce4+- O2– bonds in 

the lattice [283]. The two excitation peaks observed in the Figure are thus attributed to 

the different charge transfer transitions. 

Considering the edge shared octahedral (CeO6) structure [284], the strong excitation 

band at 315 nm is assigned to the charge transfer from the axial O2– to the Ce4+ ions, 

whereas the shoulder at 360 nm is ascribed to charge transfer from the equatorial O2– 

to the same energy level of the Ce4+ ion. 

Figure 6.7(b) shows emission spectra (λem = 315 nm) of the strontium cerate 

sample. The emission spectrum is a simple broad band which centre is located at 485 

nm. This is attributed to Ce4+ charge transfer emission. In Ce4+, the 4f shell is vacant. 

Therefore, the only possible transition is one, wherein an electron is excited from the 

oxygen ligand to the Ce4+ ion: a charge transfer transition. 

The decay curves for Sr2CeO4 annealed at 1273 K (as prepared sample) are shown in 

Fig. 6.8 at excitation wavelengths of 315 nm monitoring emission at 485 nm  on a 500 

μs scale and fitted using the mono-exponential decay equation. 
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I (t) = A1 exp (-t/τ1)                                                                                         (6.1) 

As has been discussed, the emission band at 485 nm is associated with CT transition. 

For all known crystals, CT luminescence results from the allowed transitions with the 

decay constant of about 50 ns, while the decay time of Sr2CeO4 is 59 μs. Such a long 

lifetime is ascribed by the authors [290] to the transition of an excited electron from 

an oxygen ion to a cerium ion with an electron spin flip that results in the formation of 

an excited triplet state. The transition from the excited triplet state to the ground 

singlet state is forbidden. 

 
Figure 6.7: (a) Excitation and (b) emission spectra of Sr2CeO4 sample calcined at 

1000 oC for 30 h in air 
 

 
     Figure 6.8: Luminescence decay time profile for Sr2CeO4 sample calcined at 

1000 oC for 30 h in air 
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6.4. Luminescence properties of Sr2CeO4:Eu3+ 

6.4.1 Emission, excitation and luminescence decay studies on 
Sr2CeO4:Eu3+ 
The excitation spectra of Sr2CeO4: Eu3+ powders with different europium ion 

concentration monitored at the emission wavelength of 614 nm is shown in Fig.6.9. It 

consists of a strong broad band and several weak lines in the range 220–450 nm.  

The excitation spectra recorded by fixing the highest intensity Eu3+ emission as the 

monitoring wavelength show similar features for all the compositions. The spectra 

show a broad band in the range 220-300 nm and a broad and sharp shoulder at 315 

nm, which are already assigned to the Ce4+–O2- CT transition in undoped Sr2CeO4.   

The broad band peaking at 280 nm was ascribed to the overlap of charge transfer (CT) 

bands from oxygen to europium (O–Eu) and the host band (Ce–O). Weaker lines in 

300-480 nm are attributed to intra-configurational 4f-4f transition of Eu3+ in host 

lattice. The peaks seen at 320, 360, 380, 395 and 420 nm were assigned to electronic 

transitions of 7F0 → 5H3, 5L9, 5L7, 5L6 and 5D4 respectively .  

Initially with increase in europium ion concentration, excitation intensity increases up 

to 5 mol % thereafter concentration quenching takes place. 

 
Figure 6.9: Excitation spectra of Sr2-xEuxCeO4 (x=0.005, 0.008, 0.01, 0.03, 0.05, 

and 0.13) calcined at 1000 oC for 30 h in air 
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Upon excitation at Charge transfer band, the emission spectrum (shown in Figure 6.10 

) exclusively contains very weak lines of 5D2→7F0 (465 nm), 
5D2→7F2 (490 nm), 

5D2→7F3 (510 nm), 
5D1→7F1 (535 nm), and 5D1→7F2 (555 nm) [302] embedded over 

broad host emission (420-530 nm) and the strong bands of 5D0→7F1 (594 nm), 
5D0→7F2 (614 nm), 5D0→7F3 (653 nm) and 5D0→7F4 (704 nm). 5D1, 2, 3→7FJ lines 

usually appear in a compound with low-lattice phonon energy which leads to 

multiphonon relaxation. They are usually difficult to occur among the levels of Eu3+. 

As shown in Fig. 6.10, the emission spectra of Sr2CeO4: Eu3+ phosphors consist of 

emissions from the higher energy levels (5D1 and 5D2) also. The presence of emission 

lines from higher excited states of Eu3+ is attributed to the low vibration energy of 

CeO4
4- groups. Multiphonon relaxation by CeO4

4- is not able to bridge the gaps 

between the higher energy levels and the 5D0 level of Eu3+ completely, resulting in 

weak emissions from these levels [305]. 

The orange emission at 592 nm belongs to the magnetic dipole 5D0-7F1   transitions of 

Eu3+, and the transition hardly varies with the crystal field strength. The red emission 

at about 615 nm ascribes to the electric dipole 5D0-7F2   transitions of Eu3+, which is 

very sensitive to the local environment around the Eu3+ and depends on the symmetry 

of the crystal field. 

On excitation by 280 nm (charge transfer band), emissions due to the rare earth and 

the host both could be seen in the emission spectrum. Moreover 5D0→ 7F2 line at 615 

nm (ED) is very strong in comparison to 5D0→ 7F1 line at 594 nm (MD).  This can be 

attributed to Eu3+ ions in asymmetric environment without inversion symmetry. Upon 

excitation with 393 nm, corresponding to the 7F0 → 5L6 band, emission properties 

similar to that of CTB excitation were observed.  

It was also noticed that, the intensities of emission bands are low, when excited with 

the characteristic absorption band at 395 nm of Eu3+ ions, compared to the emission 

intensities obtained with LMCT excitation band (245 nm). This may be due to the fact 

that the Eu3+ absorption bands corresponding to the f-f transitions are forbidden and 

exhibit poor absorptivities in UV region. The high intensities of emission bands, when 

excited with LMCT are due to the intra-molecular energy transfer (IMET) process, 

which occurs in the UV region. 
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Figure 6.10: Emission spectra of the powder sample of Sr2CeO4: 0.5 mol % Eu3+ 
on excitation with 280 nm (charge transfer band) calcined at 1000 oC for 30 h in 
air 
 
The decay curve corresponding to the 5D0 level of Eu3+ ions in 0.5 mol % europium 

doped Sr2CeO4 are shown in Fig. 6.11. These decay time studies were carried out at 

excitation wavelength of 280 nm with λem = 614 nm and fitted using equation 

mentioned in 3.4. For 0.5 mol % Eu3+ doped sample (280 nm, excitation), the decay 

has found to be bi-exponential with a short lifetime component of 60 μs and a long 

lifetime component of 800 μs. Longer lifetime component arises due to the Eu3+ ions 

sitting at regular centrosymmetric Ce4+ sites and the short lifetime component arises 

due to the Eu3+ ion at non-centrosymmetric Sr2+ sites.  

 
Figure 6.11: Luminescence decay time profile of the Sr2CeO4: 0.5 mol % Eu3+,   
λex-280 nm λem-614 nm. The black line gives the observed points and the red line 
gives its exponential fitting. 
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6.4.2. Concentration variation effect on Eu3+ photoluminescence: 

To evaluate the emission characteristics of the cerate host with the trivalent 

europium ion as dopant, its concentration was varied from 0.5 to 13 mol%. For these 

studies, the average lifetime was taken into account. The average lifetime for the 

present system was calculated using the following equation.  

        (6.2) 

Here the τf represents the lifetime of the fast decaying component (S1) and τs 

represents the lifetime of the slow decaying component (S2).  

Figure 6.12 shows the dependence of the PL emission intensity (obtained with λex 280 

nm) of the rare earth ion with varying doping concentration. 

It was observed that, the emission intensity of Eu3+ increases with the increase in 

concentration initially, reaching maxima at 5.0 mol % and then decreases with the 

increasing concentration due to concentration quenching. Thus the optimum 

concentration for Eu3+ is somewhere between 0.05 and 0.13. The concentration 

quenching might be due to non-radiative energy transfer from one Eu3+ ion to another 

Eu3+ ion. Non-radiative energy transfer can take place via two different mechanisms 

(i) Forster resonance energy transfer (multipole– multipole interaction) and (ii) Dexter 

mechanism (exchange interaction).  

A rough estimation of the critical transfer distance (Rc) for energy transfer can be 

obtained using the relation given by Blasse [306].  

                                                    (6.3) 

Here V is the volume of the unit cell, XC the critical concentration and N the number 

of available crystallographic sites occupied by the activator ions in the unit cell. 

Values of V and N for the crystalline Sr2CeO4 (orthorhombic system with primitive 

lattice, One unit cell of Sr2CeO4 comprises of 2 formula units) are 227.79 Å3 and 4, 

respectively (ICDD card 50-0115). Considering XC =5% (0.05), critical energy 

transfer distance Rc in Sr2CeO4: Eu3+ phosphor was calculated to be 13 Å. In this case, 

the Eu3+- Eu3+ distance is larger than 10 Å. Thus the exchange interactions are ruled 

out. Therefore, the electric multipolar interaction is believed to be the only mode for 

the energy transfer among the Eu3+ ions in Sr2CeO4 phosphor. 
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Figure 6.12: The emission spectra  at λex = 280 nm for Sr2CeO4  doped with 

different concentration of Eu3+ ions calcined at 1000 oC for 30 h in air 
 

Fig. 6.13 shows the average lifetime dependence of Sr2CeO4 doped with different 

Eu3+ ion concentrations under an excitation of 280 nm with signals detected at 614 

nm. Different concentrations of Eu3+ ion doping did not obviously change the decay 

behavior; all the decay curves were attributed to a bi-exponential behavior. The 

concentration quenching effect occurred, when Eu3+ concentrations were above 5 

mol%, and the average decay time obviously decreased with increasing Eu3+ 

concentration above 5.0 mol % (0.5 mol%:0.535 ms, 0.8 mol%:0.606 ms, 1.0 mol%: 

0.728 ms, 3.0 mol%:0.817 ms, 5.0 mol%:0.893 ms, 13 mol%:0.574 ms). This was due 

to the effect of energy exchange between the Eu3+ ions as the distance between them 

decreased with increasing Eu3+ ion concentrations, enhancing the energy depletion 

rate and causing the decay time to decrease. 
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Figure 6.13: The relationship between the average life time of 5D0 state and Eu3+ 

ion concentrations. 
 
6.4.3. Energy transfer mechanism in Sr2CeO4:Eu3+: 

In luminescent materials, energy transfer mechanism is a well known phenomenon. 

This process is either due to resonance or exchange interactions or multipolar 

interactions between the ions of the same or different types and depends on the critical 

energy transfer distance (Rc) between the absorbing groups in the crystal lattice.  

In the excitation spectra of Eu3+ in Sr2CeO4 (Figure 6.9) we observed that at all Eu 

concentrations, the Ce4+ emission band (overlapped with O-Eu CTB) is present. In 

emission spectra also (Figure 6.12), Ce4+ emission band is observed together with the 

Eu lines at all the concentrations. The broad Ce4+ emission band is found to cover all 

the Eu lines up to 550 nm (mainly the dominant 485 nm) indicating that Ce transfers 

some of its energy to the Eu ion. Increase in Eu concentration increases the intensity 

of Eu lines with a corresponding decrease in the intensity of the Ce emission band. 

Thus, the energy transfer is incomplete and it is highly probable that both radiative 

and nonradiative energy transfers occur in Sr2CeO4: Eu with Ce acting as the 

sensitizer and Eu ion as the activator in the host matrix [299].  

It was observed that at higher europium concentration (> 0.05) only Eu3+ 

emission lines are observed and Ce4+ ion emission is almost totally quenched. Thus, 

for x > 0.05, the energy transfer from Ce4+ ion to Eu3+  ion in Sr2CeO4 is complete and 

nonradiative. It is well known that the energy transfer from a broad band emitter to a 

line emitter is only possible for nearest neighbours in the lattice [307]. In the 
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compound Sr2CeO4, the crystal structure is one-dimensional with a fairly short 

interchain distance of 3.597 Å (c-lattice parameter). The lifetime of Ce4+ in the 

undoped Sr2CeO4 has been measured to be unusually long (59 μs). Hence, there is a 

high probability of energy transfer due to exchange interactions [since 3.6 Å < Rc for 

exchange interaction (5 Å)], which can occur between Ce4+ and Eu3+  ions in different 

chains in addition to that within the chains.  

Since the highest intensity was observed for 5 mol% doped sample, further 

investigations were carried out on this particular sample only.  

6.4.4. Materials Performance: Color coordinates  

To evaluate the material performance on color luminescent emission, CIE 

chromaticity coordinates were evaluated for undoped and 5 mol% doped sample 

adopting standard procedures. The values of x and y coordinates of the system were 

calculated to be 0.27 and 0.32 respectively. This is represented as the point ‘*’ in the 

CIE diagram shown in Figure 6.14 (a). It is clear from the values that, strontium 

cerate, gives a ‘bluish white’ emission. Fig. 6.14(b) shows the CIE chromaticity 

diagram for Sr2CeO4:5 mol% Eu3+ phosphors. The color coordinates of the emission 

was x = 0.631 and y = 0.285, which is located in the red light region. 

 
 

Figure 6.14: (a) CIE index diagram of (a) Sr2CeO4 and (b) Sr2CeO4:5 mol% Eu3+  
system calcined at 1000 oC for 30 h in air showing bluish white and red emission 

(point *) respectively. 
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 6.4.5. Judd-Ofelt Analysis: 
The intensity parameter (Ωλ) where λ = 2 and 4, quantum yields of luminescence 

along with the radiative (Arad) and non-radiative (Anrad) rates for Eu3+ ions in different 

europium doped Sr2CeO4, were calculated from the emission spectra and decay curves 

based on the reported literature [264-266]. The values are shown in Table 6.1 and 

detailed discussion is given in the following section. The value of refractive index 

used in J-O calculation for Sr2CeO4 is 1.93. 

It is well known that the parameter Ω2, is an indication of the dominant covalent 

nature and/or structural changes in the vicinity of the Eu3+ ion (short range effects), 

while Ω4 intensity parameters are long range parameters that can be related to the bulk 

properties such as viscosity and rigidity of the inorganic matrices. The Ω2 parameter 

is related to the degree of covalence and polarizability of the chemical environment 

experienced by the Eu3+ ion; higher Ω2 values point to more covalent and polarisable 

environments. High values of the Ω2 parameters can also be related to high asymmetry 

of the Eu3+ surrounding environment. 

Form table 6.1 it is clear that, with increase in europium concentration up to 5 mol % 

radiative transition rate increases and non-radiative rate decreases. This can be 

corroborated with our earlier studies, wherein concentration quenching was observed 

beyond 5.0 mol % due to non-radiative energy transfer between europium ions. This 

is also getting reflected in quantum efficiency which is highest for 5 mol % sample.  

Moreover trend in J-O parameter for all the samples shows that Ω2 value is greater 

than Ω4, which is related to high asymmetry of the Eu3+ surrounding environment. 

This can also been seen from asymmetry ratio values wherein for all sample I02�I01. 

The spectral features obtained for all samples are almost similar and can be attributed 

to Eu3+ ions in asymmetric environment without inversion symmetry. Since ionic size 

difference between  Sr2+ (132 pm) and Eu3+ (109 pm) is more,  Eu3+ ions occupying  

the Sr2+ sites will lead to a large distortion in the lattice and if the associated defect 

due to charge/size difference is at a smaller distance, the local site symmetry will  

have an non-inversion symmetry. On the other hand, Eu3+ with ionic size 109 pm 

while occupying Ce4+ (ionic size 101 pm), has a smaller size difference and will not 

lead to a large distortion in the lattice and if the associated defect due to charge/size 

difference is at a large distance, the local site symmetry will have an inversion 

symmetry. 
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The ratio of intensity of red line (5D0 → 7F2) to orange line (5D0 → 7F1) in Eu3+ is 

shown to be related to degree of covalency between Eu3+ and O2- [263]. The larger the 

difference in the intensities of these two lines, larger is the asymmetry and covalency 

effects. For all the samples 5D0 → 7F2 is markedly more intense as compared with 

those of 5D0 → 7F1 line  i.e. R/O shows marked increase, so larger is the asymmetry 

and covalency effect around the Eu3+  ion site. These can also be seen in trend of J-O 

parameter. 

Table 6.1: Luminescence lifetimes, radiative and non-radiative decay rates, 
quantum efficiencies (5D0 level), intensity ratio between the 5D0→ 7F2 and 5D0 → 
7F1 transitions, Judd–Ofelt intensity parameters, and chromaticity coordinates of 
the Eu3+ doped strontium cerate 
 

 
 

6.5. Summary: 

In summary, the polymeric precursors method has been successfully applied for the 

obtainment of nanosized cerate red phosphors with different europium ion 

concentrations. Detailed X-ray investigations were done to optimize the parameters 

such as calcination temperature and time to get pure phase. Detailed 

photoluminescence investigations of undoped Sr2CeO4 showed bluish white emission 

with single lifetime of 59 µs. The emission spectra of europium doped cerate sample 

showed characteristic peaks corresponding to the 5D0 → 7Fj (j=1, 2) transitions of Eu3+ 

ion as well as host emission under CTB. The PL decay time studies showed a bi-

exponential decay, which was attributed to presence of europium ion at both Sr2+ as 

well as Ce4+ sites. Concentration quenching of the PL signal intensity was observed 

for Eu3+ ion concentration of more than 5 mol%. From this, the critical energy transfer 

distance of Eu3+ was calculated to be 13 Å and the mechanism of concentration 

quenching was determined to be the multipole – multipole interaction. It was 

Conc. τav 

(μs) 
ARAD 
(s-1) 

ANRAD 
(s-1) 

η(%) I02/I01 Ω2 

(∗10−20 

cm2) 

Ω4 

(∗10−20 

cm2) 

Chromaticity 

x            y 
 

0.5 535 343 1527 18.4 1.66 2.6 0.745 0.49 0.40 
0.8 606 364 1287 22.0 1.76 2.75 0.958 0.51 0.40 
1.0 728 359 1015 26.1 1.69 2.64 1.06 0.52 0.40 
3.0 817 380 847 31.0 1.85 2.89 1.25 0.57 0.38 
5.0 893 472 746 33.2 1.80 2.82 1.20 0.63 0.38 
13.0 674 415 1068 28.0 2.08 3.26 1.5 0.58 0.41 
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observed that with increase in Eu3+ concentration, PL intensity of europium emission 

peaks increase, whereas that of host emission decreases. This is assigned to energy 

transfer between host and europium ion. The J-O parameters and other radiative 

properties were evaluated for each sample adopting standard procedure and was 

related with spectral features of europium ion. 
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CHAPTER 7 
              

7.1. General Introduction 
 
Luminescence properties of hosts like Zn2P2O7 (both undoped and doped) with 

lanthanide ions (Eu and Sm) were investigated for the first time with a view to 

develop new and robust phosphor materials having multifunctional applications. Zinc 

pyrophosphate is known to undergo structural phase transition at 132oC. We have 

doped 2.0 mol % Mn2+ in zinc pyrophosphate and used EPR as a probe to understand 

the mechanism for phase transition. This aspect was also supported by HTXRD and 

DSC. Among the various hosts used as phosphor systems, phosphate based matrices 

offer a range of compositional and structural possibilities that facilitate the tailoring of 

chemical and physical properties of interest for specific technological applications. 

These hosts offer better homogeneity, chemical and thermal stability with lower 

sintering temperatures [308-311]. Pyrophosphates having general formula M2P2O7 

(M=Ca, Sr, Ba, Mg, Zn, Mn etc.) are one of the phosphate systems, which are 

reported to be excellent host materials [312, 313]. Special interest in pyrophosphate 

arises from the unique spectroscopic behavior of the metal cation polyhedra with 

well-defined and low symmetry coordination [314, 315]. Among these, the 

thortveitite-type pyrophosphate α-Zn2P2O7 is a promising low temperature co-fired 

ceramic (LTCC) material [316]. In zinc pyrophosphate, there are two cationic sites in 

lattice, i.e., five-coordinated Zn2+ sites (square pyramidal coordination) and six-

coordinated Zn2+ sites (octahedral coordination). Europium was used as a structural 

probe to understand the local environment.  

Since effect of crystal field can be more prominently seen in transition metal than 

lanthanide ion; 2.0 mol% MnCO3 was doped in Zn2P2O7. It is very interesting to 

know that in Zn2P2O7, manganese was stabilized as both Mn (II) and Mn (IV). This 

has been validated using EPR and PL spectroscopy.  Photoluminesence properties of 

Eu, Sm and Mn doped zinc pyrophosphate are also studied. 
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7.2. Synthesis and characterization of Zn2P2O7  
 
7.2.1. Synthesis of Zn2P2O7  
 
The Zn2P2O7 was synthesized by complex polymerization method. The starting 

materials were (NH4)2HPO4 (99.99%, M/s Alfa Aesar, Lancaster) and ZnO 

(Spectrographically standardized substance supplied by M/s Johnson mathey &Co 

Ltd, UK). Citric acid (99.7%, M/s Chemco fine chemicals, Mumbai) was used as the 

complexing agent while Ethylene glycol (99.0%, M/s Thomas Baker, Mumbai) was 

used for polyestification to stabilize the complex. At first the reactants (NH4)2HPO4 

and ZnO were preheated to remove moisture. Thereafter ZnO was dissolved in 

concentrated HNO3 followed by addition of (NH4)2HPO4 to this zinc solution. All the 

solutes were dissolved completely to result in a clear solution. The pH of the solutions 

was maintained around at 5.2. The citric acid and ethylene glycol were added in the 

mass ratio of 6:4 to the resulting solutions. Citric acid was added to maintain the fuel 

to oxidant ratio as 1.  The solutions were stirred for 20-30 minutes at 80oC. Upon 

evaporation of this solution, a transparent polymeric gel was obtained. The gel was 

then burned at 500oC on a hot plate. The obtained foamy carbonaceous precursor was 

then ground and kept at 900oC in a furnace for 6h for complete formation of the pure 

product. The heating rate used was 3 K min-1. Citric acid was used as the complexing 

agent while Ethylene glycol was used for polyestification to stabilize the complex.  

 

7.2.2. Characterization of Zn2P2O7  
 
7.2.2.1. Phase purity and Structure: XRD 
 
The XRD patterns of the zinc pyrophosphate sample are shown in Fig.7.1, from which 

it can be seen that all the diffraction peaks could be indexed to the monoclinic phase 

of α- Zn2P2O7 (JCPDS card No. 08-0238). The XRD data of the relatively intense 

peak (I/I0 > 10) was indexed on a monoclinic system with space group C2/m having 

cell parameters a = 19.59 Å, b=8.282 Å and c=9.103. Crystal structure of α-Zn2P2O7 is 

shown in Fig. 7.2. On Rietveld refinement using C2/m space group, XRD pattern for 

zinc pyrophosphate was fitted perfectly. Rietveld fitted XRD pattern is shown in 

Figure 7.1. Zn2P2O7 is having thortveitite structure, in which [P2O7]4- groups are in 

stagger configuration and belong to monoclinic with space group I2/c as shown in 
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figure 1b. The coordination number of the cations to oxygen atoms is either 5 (for 2 

Zn) or 6 (for 1 Zn) [317]. In the structure of α-Zn2P2O7, 5-coordinated Zn (S1 site) is 

surrounded by five nearest neighbour oxygen ions in the form of square pyramidal 

(C4v), which is a more heavily distorted structure than that of the 6-coordinated Zn 

(S2) site with regular octahedra. 

 
Figure 7.1: Rietveld- refined X-ray diffraction pattern of α-Zn2P2O7 

 

Figure 7.2: Crystal structure of α-Zn2P2O7 

7.2.2.2. Compositional characterization- FTIR 
 
The FTIR investigation was carried out to confirm the bonds present in the samples. 

Figure 7.3 shows the FT-IR spectra of zinc pyrophosphate. The peaks at 3417.5 cm−1 
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and 1645.3 cm−1 correspond to the stretching vibration of –OH group and the bending 

vibration of adsorbed molecular water, respectively. As the strength of P-O bond in 

the P-O-P Bridge is weaker than in the (PO2)2− radical, the stretching frequencies of 

the P-O-P Bridge are expected to be lower than those in the (PO2)2− radical [318]. The 

asymmetric and symmetric stretching frequencies of the (PO2)2− radical are generally 

observed in the frequency areas 1100–1000 cm−1, 1000–900 cm−1, respectively [319] 

in the present investigation, it was observed around 1062 cm−1 and 962 cm−1, 

respectively, for pure zinc pyrophosphate. Asymmetric P-O-P bridge vibration was 

observed at 570 cm−1. Metal-oxygen stretching vibration was observed in the region 

400-520 cm−1. The multiplication and fineness of the absorption bands of phosphates 

lie in the lower range, which indicate complexity of the internal crystalline structure 

of the [PO4] tetrahedron. The degree of condensation of the anion, [PO4]3– to [P2O7]4– 

is directly related to its multiplicity of absorption bands [320]. Table 7.1 represents the 

assignments of different absorption bands in FT-IR spectrum of pyrophosphate 

crystals. 

 
Figure 7.3: FTIR spectrum of zinc pyrophosphate crystals. (a) Full range 4000-
400 (extended range) and (b) 1200-430 cm-1 (absorption band of phosphate) 
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Table 7.1: Assignments of different absorption bands in the FT-IR spectrum of 
zinc pyrophosphate crystals 
 

Assignments Observed frequencies (cm-1) 

 

O-P-O bending 550.6, 505.3 

P-O Symmetric stretching bonds 909.4, 990.4 

P-O Asymmetric stretching bonds 1027.0, 1088.7 

Metal-Oxygen bands 400 to 520 

 
 

7.2.2.3. Phase transition: HTXRD, EPR and DSC  
 

Two polymorphic transformations of zinc pyrophosphate have been known to exist. 

These are α and β modifications connected with each other by reversible 

transformation at 405 K. The high temperature β -modification exists to the 

temperature of congruent melting 1288 K [321]. Mn2+ being EPR sensitive are chosen 

as a probe ion to investigate structural phase transformation in powder zinc 

pyrophosphate because the isostructural relationship of the high-temperature forms 

permits a definite assignment of the Mn2+ site in the structure, and more importantly 

because the relatively high sensitivity of the ESR spectra to the Mn2+ environment 

might permit a detailed study of the various phase transitions. Same was corroborated 

with high temperature XRD (HTXRD) and Differential scanning Calorimetry (DSC).  

HTXRD pattern is shown in Figure 7.4a. There is pure α-phase at 120oC; phase 

transformation takes place at 405 K, which is having mixed features of α and β, but at 

473 K pure β-phase is seen. Individual XRD pattern of α and β phase and their 

standard pattern is shown in Figure 7.4(b). Crystallographic data of zinc 

pyrophosphate is mentioned in Table 7.2. Lattice parameter obtained for β phase is a 

= 6.61 ± 0.01 Å, b=8.29 ± 0.01 Å and c=4.51± 0.01 Å and β= 105.4± 0.2o 
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           Figure 7.4a: XRD pattern of 2 mol% Mn2+ in Zn2P2O7 at various 
temperatures. Asterisk indicates the pattern of Pt which arises due to usage of 
Pt-Rh as a sample holder in HTXRD 

 

 

Figure 7.4b: XRD pattern α and β phase and their standard pattern of 2 mol% 
Mn2+ in Zn2P2O7. Arrows indicate missing reflections in β-phase. 
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                    Table 7.2: Allotropic forms and crystallographic data of Zn2P2O7 

Allotropic 
Form 

Space 
Group 

Coordination 
Group 

P-O-P angle (deg) P-O bond length 
(Å) 

α 
 
β 
 

I2/c 
 
C2/m 

5,6 
 
Only 5 

139 and 148 
 
180 (linear) 

Mean P-O= 1.557 
P-Obr  =  1.569 
P-Onbr =  1.553 

 

Although structurally both α and β phases are same i.e. monoclinic, they crystallize 

in different space group. α-phase has lower symmetry I2/c space group where as β is 

having more symmetric C2/m space group. From XRD pattern, it can be seen that 

reflections at 2θ values of 16.414, 21.344, 30.0487 and 31.972 completely disappears 

in more symmetric β-phase. In the β-phase, the four cations in the unit cell lie on the 

twofold axes and are symmetry related by the centering operation (1/2, 1/2, 0) and by 

the mirror plane. The variation in unit cell volume from 298K to 1023 K is shown in 

Figure 7.5. On going from α to β phase, length of a- and c-axis are reduced by a factor 

of 1/3 and 1/2 as is observed using HTXRD. This is the reason for volume reduction 

unit cell while going from alpha to beta phase. There is sudden discontinuity in 

volume at 405 K, which shows that transition is of first order.   

 
Figure 7.5: The temperature variation of unit cell volume of 2 mol% Mn2+ in 
Zn2P2O7. Error bars are smaller than symbols. 

 

This result has also been corroborated with dynamic scanning calorimetry (DSC). 

Around 405 K, zinc pyrophosphate undergoes a reversible, first order isostructural 
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transition, the phenomenon being supported by the differential scanning calorimetry 

data (Figure 7.6).  

 
      Figure 7.6: DSC studies of Mn doped Zn2P2O7 

The structure of α-phase is characterized by sequence of layers. A layer like that 

found in α-Cu2P2O7 is followed by two layers like those found in α-Mg2P2O7 [322]. 

The former layers have anions lying on twofold axes, and the cations are coordinated 

to five oxygen atoms; in the next two layers, half of the cations are five coordinates 

and another half is six coordinated, and the anions in these layers show only 

approximate twofold axes. All the anions show nonlinear P–O–P bonds. 

The crystal structure of β-phase is identical with that of Mn2P2O7 [323]. In β-

phase, the structure is described by alternate anion and cation layers stacked along c 

direction and observed at z=0 and z=1/2, respectively. The asymmetric unit contains a 

unique Zn2+ cation. The short distance between cations along the c direction is about 

4.51 Å. In the cationic layers, Zn2+ is found on twofold axes in irregular 6-fold 

coordination [324], i.e. they are not at the centre of the oxygen atom environment and 

displaced by about 0.3 Å from a line joining O3 to its mate generated by the twofold 

axis. The major component of these distortions arises from a rotation of the O3-O3 

edge from its ideal position by 30o about the twofold axis. Such a distortion arises 

from the constraints placed upon the positions of the oxygen atoms by the 

requirement of its bonding to the phosphorus atom. Detailed Crystallographic data of 

both these two phases are mentioned in Table 7.2. 
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Temperature dependent EPR investigation of Mn in Zn2P2O7 is shown in Figure 7.7. 

Chambers et al. [323] have reported EPR evidence for phase transition in single 

crystal of Zn2P2O7 using Mn2+ as EPR probe. Their studies have showed that α-

Zn2P2O7, the stable phase at room temperature, undergoes a first order phase 

transition at 405 K and an inhomogeneous second order transformation between 405 

K and 428 K. We could identify the phase transitions at 132oC in our powder sample; 

but second order phase transition is difficult to identify in powder sample, although 

small kink at 428 K was obtained in DSC studies (Figure 7.6), discussed earlier. 

It can be seen from the EPR pattern (Fig. 7.7) that spectra changed drastically in 

going from 390 to 400 K. Highly resolved hyperfine sextet of Mn2+ could be seen till 

390 K whereas at 400 K, the hyperfine splitting completely disappears and the 

spectrum merges to broad signal. Zero field splitting parameter (D) was evaluated for 

Mn2+ from room temperature to 500 K (Figure 7.8). It was observed that there is a 

sudden jump (discontinuity) in the value at 400 K (Phase transition temperature) 

confirming the transition to be of first order.  

 

    Figure 7.7: EPR spectra of 2 mol% Mn2+ in Zn2P2O7 at various temperatures 
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          Figure 7.8: The temperature variation of the zero field splitting parameter 
for Zn2P2O7: Mn2+ 

The D value for Mn2+ in the β phase (1380 G) is unusually large. It is tempting to 

suggest that this large D value is related to the highly irregular cation environment. 

The D values in the intermediate temperature region however, show very large 

changes from their high-temperature value despite an apparently small change in the 

electron density distribution of the crystal. These observations could be consistent 

only if D depends on a higher power of a component of the crystalline field. The 

enhanced line broadening in β-phase could result from a residual short range ordering 

near the transition temperature, which yields a small spread in crystalline field. The 

fact that orthorhombic distortion term (E) is small in β-phase and large change in D 

across transition temperature suggests that the structural change involves primarily 

distortions along Zn-O3 bond. Since the bond between the central oxygen atom and 

adjacent phosphorous atom of the  [P2O7]4- lies along the z-direction in the β-phase, it 

might be suggested that the mechanism for the change in structure involves primarily 

either a small change in length of these P-O bonds or a contraction of the P-O-P bond 

angle. 

As evident by HTXRD and structural studies (Figure 7.4a), in α-phase there are two 

types of zinc ion; asymmetric 5 coordinated Zn2+ and relatively symmetric 6 
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coordinated Zn2+ (Zn1 and Zn2). In case of β-phase, only asymmetric 5-coordinated 

zinc exists (Zn1) as discussed earlier. 

Main changes in EPR pattern from α to β phase is enhanced line broadening and 

unusual large zero field splitting parameter. This can be correlated to presence of 

distorted octahedra of oxygen around Zn2+ ion in β-phase. The phase transformation 

then requires that the five-fold coordinated sites of α phase form a sixth bond with 

oxygen atoms. This requires that oxygen atoms move from an average cation-oxygen 

distance of 3.2Å to the "normal" bond distance of 2.15Å found in β Zn2P2O7. 

 

 
7.3. Photoluminesence properties of europium doped Zn2P2O7 

 
7.3.1. Excitation and emission spectroscopy properties of 
Zn2P2O7:Eu3+ 
Figure 7.9 shows excitation spectra (λem = 592 nm) of Eu doped zinc pyrophosphate 

sample. A broadband in the region of 220–280 nm has been attributed to the O2–

→Eu3+ charge transfer band (CTB), which is caused by the electron transfer from 2p 

orbits of O2– ions to 4f shells of Eu3+ ions. The sharp lines in 300-500 nm are 

attributed to intra-configurational 4f-4f transition of Eu3+ in host lattice. The peaks 

seen at 320, 360, 380, 395, 420, 460 and 480 nm were assigned to electronic 

transitions of 7F0 → 5H3, 5L9, 5L7, 5L6, 5D4, 
5D3 and  5D2 respectively.   

 
       Figure 7.9: Excitation spectra of Zn2P2O7:Eu3+ powder sample (λem-592 nm) 
 

Emission spectra was recorded for weighed amount of undoped and doped sample at 

λex = 230 nm (charge transfer band, CTB) under similar condition and is shown in 

figure 7.10. It was observed that there is a broad band ranging 400-560 peaking at 440 
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nm. This emission was assigned to oxygen related defects in the lattice of zinc 

pyrophosphate. No emission from the host was observed in europium doped sample, 

indicating the efficient energy transfer from the host to Eu3+ ions. 

 
Figure 7.10: Emission spectra at 230 nm excitation wavelength of undoped and 

doped zincpyrophosphate 
 

Figures 7.11 shows the emission spectra for Zn2P2O7:Eu3+ at λex = 230 nm (charge 

transfer band, CTB), λex = 254 nm corresponding to Hg excitation used in Hg based 

fluorescent lamps and λex = 395 nm (f-f band) respectively. The  spectra consists of  

series of peaks in the range of 560-720 nm corresponding to the characteristic 

transition of Eu3+ , from the excited 5D0 state to 7FJ (J= 0-4 ) levels.  Upon excitation 

at 230 nm (CTB), the emission spectrum exclusively contains the strong bands of 
5D0→7F1 (592 nm), 5D0→7F2 (613), 5D0→7F3 (653 nm) and 5D0→7F4 (704 nm). Upon 

excitation with 395 nm and 254 nm, emission properties similar to that of 230 nm 

excitation were observed. Excitation wavelength does not drastically change the 

spectral features for 5D0→7FJ
 emission of Eu3+. The orange emission (590–600 nm) of 

Eu3+ due to the magnetic dipole transition (MDT) 5D0→7F1 was not affected much by 

the site symmetry, because they are parity-allowed, while the red emission (~610–630 

nm) due to the electric dipole transition (EDT) of 5D0→7F2, being  hypersensitive, 

was affected by the site symmetry of Eu3+ ion.  Moreover 5D0→ 7F1 line at 592 nm 

(MD) was stronger in comparison to 5D0→ 7F2 line at 613 nm (ED) on excitation with 

all the three wavelengths (but I613/I592 is different), which indicated that predominant 

spectral features are due to Eu3+ having Centro-symmetric environment.  
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                 Figure 711: Emission spectra at different excitation wavelength of 

Zn2P2O7:Eu3+ 

7.3.2. Life-Time and time resolved fluorescence spectroscopy 
(TRES): 
Zn has two lattice sites (5 and 6-coordinated Zn) in zinc pyrophosphate structure, 

namely SI and S2 as already discussed, that can be occupied by the Eu3+ ions. To get 

an idea about the nature of the dopant ion occupancy in these lattice sites, PL decay 

time (life time) studies were conducted. The decay curves corresponding to the 5D0 

level of Eu3+ ions in the 2 mol % europium doped Zn2P2O7 shown in Figure 7.12 at 

excitation wavelength of 395 nm, monitoring emission at 592 nm.  For Zn2P2O7:Eu3+, 

a good fit was found to a biexponential decay using the following equation: 

 

                                                                       (7.1)          

 
where A0, A1, A2 and A3 are scalar quantities obtained from the curve fitting, t is the 

time and τ1, and τ2 are decay time values for exponential components, respectively. 

The percentage occupancy of Eu3+ ions exhibiting a specific life-time is obtained in 

such case using the formula  
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Broadly, the analysis showed the presence of two components; one short lived and 

one long lived.  The life time values were 620 µs (short component, T1, 50 %) and 

1.77 ms (long component, T2, 50 %), which can be indicative of the presence of two 

emitting species or states.  

 
Figure 7.12:  Luminescence decay time profile of Eu doped zinc pyrophosphate 
at λex-395 nm under λem-592 nm 

In order to identify the environment associated with the species exhibiting 

different life-times, time resolved emission spectra were recorded with 395 nm 

excitation at different time-delays with constant integration time. Figure 7.13 shows 

the spectra recorded with time delays of 100 μs, 1.1 ms and 3.1 ms respectively with 

constant integration time of 400 μs. As seen from the Figure 7.13, on excitation with 

f-f band of Eu3+ and after giving a delay time of 100 μs;  characteristic emission 

predominated by Eu3+ ions in symmetric environment (Intensity (594) > Intensity (614)) 

was observed; here T1 is the predominant species since we have integrated for  very 

short duration.  

With longer delay T1 species completely decayed and the spectrum 

corresponding to only T2 species was observed. Thus the spectra observed after 3.1 

ms delay is expected only due to T2 (1.77 ms). The spectra shows stronger emission 

from 5D0 → 7F2 transition indicating that the T2 can be ascribed to Eu3+ ions having 

asymmetric environment .  
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The spectra obtained after 1.1 ms delay time had contributions from both T1 

and T2 species. The respective spectra for the T1 and T2 species obtained after 

applying suitable correction factors are given in Figure 7.14 below.  

 

.  

Figure 7.13:  Time-resolved emission spectra of Zn2P2O7:Eu3+ under the 
excitation at 395 nm after giving suitable delay 

 
               Figure 7.14:  Time-resolved emission spectra of Zn2P2O7:Eu3+ under the 

excitation at 395 nm for short and long lived species  
 

In the structure of α-Zn2P2O7, 5-coordinated Zn (S1 site) is surrounded by five nearest 

neighbour oxygen ions in the form of trigonal-bipyramid, which is a more distorted 

structure than that of the 6-coordinated Zn (S2) site with regular octahedra. The 

symmetric environments observed for T1 (620 µs) can be because of Eu3+ ions 

occupying S2 with inversion symmetry and asymmetric scenario for T2 (1.77 ms) can 
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be ascribed to Eu3+ ions occupying S1 without inversion symmetry. This Site 

selectivity of Eu3+ in Zn2P2O7 is pictorially represented in Figure 7.15.  

As seen from the figure, emission observed for T1 (620 μs) is predominated by Eu3+ 

ions in symmetric environment with inversion symmetry and emission spectra 

obtained for T2 (1.77  ms) corresponds to that of Eu3+ in asymmetric environment. 

This is unusual from the normal trend which suggests longer lived species occupy 

more symmetric sites and shorter one occupies more asymmetric sites. This 

anomalous behavior is explained in section 7. 3. 3. 

 
Figure 7.16: Site selective emission of Eu3+ in Zn2P2O7 

 
 7.3.3. Judd-Ofelt Analysis: 
 
The J-O parameters and radiative properties for the two types of Eu3+ species were 

calculated and mentioned in Table-7.3. It can be seen from the table that, the radiative 

life times for symmetric species (T1) is higher than the asymmetric species. That is for 

the RE ion in symmetric environment, the transition is less probable and the reverse is 

true for the species in asymmetric environment (5 coordinated). Thus with the help of 

τR values it is possible to correlate the symmetry and the decay times exactly. 

Moreover, the J-O intensity parameters (ΩJ) of Eu3+ ion in this matrix reveal 

information regarding the covalence and surrounding of the metal ion. The parameter 

Ω2 is related to the covalency and structural changes in the vicinity of the Eu3+ ion 

(short range effect) and Ω4 are related to the long-range effects. For the short lived 

species T1, the trend observed in the J-O parameters (Ω2 < Ω4) proves that the 

particular species is present in a more symmetric 6 coordinated Zn site (S2) with a low 

degree of covalence of the metal-ligand bonds.  On the other hand, for the long-lived 

species (T2) the reverse trend is observed in the J-O parameter (Ω2 > Ω4), which 
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confirms that the long-lived species sits at more asymmetric 5 coordinated Zn site 

(S1).  

Table 7.3:  Comparison of J-O intensity parameters and radiative properties for 
two different species Eu3+ in Zn2P2O7 

species Ω2 
(10-20 cm2)

Ω4 
(10-20 cm2)

η (%) Atotal 
(s-1) 

τR 
(ms) 

τNR 
(ms) 

T1(0.62 ms) 1.16 2.33 9.13 392 2.55 0.819 
T2 (1.77 ms) 3.16 2.83 41.2 530 1.89 27.8 

 

7.4: Effect of crystal field: Mn doped α-Zn2P2O7 

To see the effect of octahedral and square pyramidal crystal field: Transition metal 

will be a better candidate than lanthanide ion in which crystal field effect is more 

dominant; so 2.0 mol % Mn is doped as can be seen from figure 7.17. 

 
Figure 7.17: Crystal field splitting in octahedral and square pyramidal 
coordination. 
7.4.1. EPR spectroscopy: 
In the present study, EPR experiments have been used to get information about the 

oxidation state, the site occupancy and coordination sphere around the transition metal 

ions doped in different inorganic matrices [324, 325]. It is also useful in getting 

information about the local site symmetry around the paramagnetic ion and to 

quantify the number of unpaired spins of different paramagnetic ions present in 

different oxidation states. In addition, EPR is one of the most powerful tool used for 

studying structural phase transitions and magnetic phase transition in solids. This 

technique can differentiate between Mn2+ and Mn4+  due to the difference in number 

of fine transitions and the g values (Mn4+, S=3/2, three fine transitions and g < 2.00; 

Mn2+ S=5/2, five fine transitions and g =2.00). However, Mn3+ (non Kramer ion with 

S = 2) though paramagnetic, may not be detected due to the possibility of its ground 
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state being a singlet and a large zero field splitting. The ground state of Mn2+ with d5 

configuration is a most unique feature among dn configurations in that there is only 

one state with maximum spin multiplicity (6S5/2). In case of d5 transition metal ions, 

the axial distortion of octahedral symmetry gives rise to three Kramer’s doublets ±5/2, 

±3/2 and ±1/2 [326]. Application of a Zeeman field lifts the spin degeneracy of the 

Kramer’s doublets.  In the present system, since the magnitude of crystal field 

splitting is greater than the microwave energy, the resonance observed is most likely 

to be due to transition within the lowermost Kramer’s doublets (±1/2). However, in 

cases where crystal field splitting is less than  the microwave energy one can get all 

five fine transitions which further split to sextet because of the hyperfine interaction 

with 55Mn (100% abundance, I=5/2).  

The EPR spectra recorded for the polycrystalline sample of Mn doped zinc 

pyrophosphate is shown in Figure 7.18. The spectrum at room temperature and at 100 

K consisted of signals arising due to manganese situated in two different oxidation 

states. An intense EPR signal with partially resolved hyperfine structure was observed 

at g ~ 2.00 (attributed to Mn2+ in octahedral co-ordination). On  either side of  this 

intense transition, two weak fine structures separated by 2D and 4D were observed 

(D~ 590 G, E~12 G) where D is the zero field splitting parameter and E is 

orthorhombic distortion term. Each fine transition showed an unresolved sextet 

hyperfine structure due to 55 Mn (I= 5/2, 100% abundance, 55A=80 Gauss).  It may be 

noted here that part of the Mn4+ signal overlaps with that of Mn2+. The EPR spectrum 

due to Mn4+ showed a complex hyperfine pattern consisting of several differently 

resolved sextets. In polycrystalline samples, such complex EPR pattern of isolated 

Mn4+ (3d3, S=3/2) and isolated Mn2+ (3d5, S=5/2) ions essentially arise from the  

different fine structure terms (zero field splitting and orthorhombic distortion term), 

the g-factor for both the species (1.99 for Mn4+ and 2.00 for Mn2+) being isotropic and 

close to that of free electron g-value. Table 7.4 lists the EPR parameters for isolated 

Mn4+ species. The spin Hamiltonian for Mn2+ (S=5/2) and Mn4+ (S=3/2) is given 

below: 

H=βB0.g.S+D[Sz2–(1/3)S(S+1)]+E(SX
2-SY

2)+I.A.S                                             (3.3) 

where B0 is the external magnetic field, β is Bohr  magnetron, g is a g tensor, D is 

zero field splitting (ZFS) parameter, E is the orthorhombic distortion term, I=5/2 is 

the nuclear spin of  55Mn and  is the hyperfine interaction tensor.  In the present study, 

the field positions of the Mn4+ resonance in Zn2P2O7 are given in Table 7.5. The EPR 
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spectra of polycrystalline samples of Fe3+ (S=5/2) and Mn4+ (S=3/2) has been treated 

theoretically by Aasa and Van Reijen [327, 328]. The EPR of Mn4+ in zinc 

pyrophosphate gave four sextets at 103 mT, 149mT, 188.3 mT, 365 mT and a weak 

spectral line at 546.5 mT as seen from the second derivative spectrum shown in 

Fig.7.19.  

These resonances are not part of Mn2+ in Zn2P2O7.  The plots of hv/D Vs. gβB0/hν, 

reported by Van Reijen for Mn4+ ions were used for assignment of resonance lines 

and evaluation of spin Hamiltonian parameters E/D~0.20 and hv/D~0.3; D~1 cm-1 

(zero field splitting D>>hv). The large value of E/D indicates that Mn4+ is situated in 

a lower symmetry site, which probably arises due to the substitution of Mn4+ at Zn2+ 

site thereby invoking charge compensation by the presence of interstitial oxygen ions 

around Mn4+ ion (0.46 Å) or due to substitution of Mn at 5-coordinated zinc site ( 

0.68 Å). EPR parameters for Mn2+ were evaluated using Bruker Simfonia simulation 

program (as zero field splitting in case of Mn2+ is moderate D << hv).  The lower 

value of E/D for Mn2+ indicates that Mn2+ is situated in  a higher symmetry site, 

which can arise due to the substitution of Mn2+ ( 0.69 Å) at 6-coordinated zinc site 

(0.74 Å). 

 The absolute concentration of the Mn2+ and Mn4+ species were deduced from 

the intensities of the integrated spectra with respect to  CuSO4 .5H2O as standards. 

Weighed amounts of the standard and the sample were placed in EPR quartz tubes 

and kept in the resonant cavity for full length geometry. Under these conditions, the 

number of spins, N, for the sample “a” and ‘b” for the standard are related by equation 

[329], 

                                                                   (7.4)                                    

Where A is the integrated area normalized for the instrument condition, g the average 

g-value and S the electronic spin of the sample. The estimated concentration of Mn2+ 

and Mn4+ were found out to be 60 and 40% respectively. This is in close agreement 

with our findings which says that there are 65% 5-coordinated Zn2+ site and 35 % 6-

coordinated Zn2+ site.  
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Figure 7.18: EPR spectra of monoclinic 2 mol% Mn doped Zn2P2O7 (a) at 300 
K and (b) 100 K.  

 

 

Figure 7.19: Second derivative EPR spectra of Mn in Zn2P2O7. 

Table 7.4: EPR parameters of isolated Mn4+ in monoclinic zincpyrophosphate 
matrix 

 
 

 
 
 
 

 

 

Sextet g A/Gauss 

1 

2 

3 

4 

5 

6.626 

4.5989 

3.6390 

1.8774 

1.2539 

87 

85 

85.5 

80 

Not resolved 
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Table 7.5: Peak assignments of isolated Mn4+ species in monoclinic Zinc 
pyrophosphate matrix 

Sextet Shape g0/g Assignments Resonance 

field(G) 

 

1  

2 

3 

4 

5 

a 

a 

d 

e 

e 

0.2991 

0.4305 

0.5441 

1.0547 

1.5791 

Z34 

Y12 

X12 

Z12 

X34 

 

1035 

1490 

1883 

3650 

5465 

a. absorption; d, derivative; e, emission. The value of g0 = 1.980 has been assumed. X,Y,Z are the 
canonical orientations and 1-4 the spin labels in order of increasing energy. The operating frequency of 
the spectrometer is 9.60 GHz. 

 
7.4.2. PL spectroscopy: 
 
Photoluminescence studies show the presence of both Mn2+ as well as Mn4+ in zinc 

pyrophosphate. In the emission spectra shown in Figure 7.20 two bands were 

observed: one is centered at 500 nm (green emission) and the other one is centered at 

686 nm (red emission) but with different intensity.  The wide emission bands in red 

with a maximum at 686 nm are attributed to the electronic transition between 2E and 
4A2 of Mn4+ accompanied with vibronic transitions. The green emission observed at 

500 nm is attributed to the 4T1g (4G)–6A1g (6S) transition of Mn2+. The excitation 

spectrum shown in Figure 7.21 monitored at 686 nm and 500 nm consists of broad 

features at 230 nm and 250 nm respectively which are assigned to Mn2+-O2- and 

Mn4+-O2-charge transfer band (CTB) respectively. Mn (IV) is more electropositive 

than Mn (II). Therefore, it could be easier for the electronic transition from the 2p 

orbital of O2− to the 3d orbital of Mn4+ than that in Mn2+ and thus the CTB energy of 
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Mn4+ is less than that for Mn2+compound. Therefore Mn (IV)-O CTB is red shifted 

w.r.t Mn (II)-O CTB. It was also evident from the emission spectra that on excitation 

with 250 nm PL intensity of Mn (II) is more than that of Mn (IV) whereas as reverse 

is true in case of 230 nm (Fig. 7.20). Crystal field of square pyramidal is more than 

octahedral as is observed in figure 7.17. Generally green emission -arise from weak 

crystal field and the red one from stronger crystal field. Based on above two points we 

can tell that Mn(II) –occupy Octahedral Zn(II) site and Mn(IV) occupy square 

pyramidal Zn(II) site  

 

 
Figure 7.20: Emission spectra of Mn doped zinc pyrophosphate 

 

Figure 7.21: Excitation spectra of Mn doped zinc pyrophosphate 
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To confirm the presence of manganese as divalent and tetravalent state, the as 

prepared samples were heated in both oxidizing and reducing environments. It was 

observed from the emission spectra shown in figure 7.22 that the intensity of Mn4+ is 

higher in oxidizing atmosphere while that of Mn2+ is higher in a reducing atmosphere.  

 

Figure 7.22: Emission spectra of Mn doped zinc pyrophosphate heated in 
oxidizing and reducing atmosphere 
 
To evaluate the material performance on color luminescent emission, CIE 

chromaticity coordinates were evaluated adopting standard procedures. The values of 

x and y coordinates of the system were calculated to be 0.37 and 0.37 on excitation 

with 230 nm and 0.30 and 0.38 on excitation with 250 nm respectively. This is 

represented as the point ‘*’ in the CIE diagram shown in Figure 7.23. It is clear from 

the values that, Zn2P2O7: Mn, gives a ‘near white’ emission.  

 

Figure 7.23: CIE index diagram of 2 mol% Mn doped Zn2P2O7 in air showing the 
white emission (point *). 
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7.5: Exploring α-Zn2P2O7 for synthesis of lanthanide ion 
based White LEDs:  
 
7.5.1. Effect of synthesis condition (rare earth concentration and 
annealing temperature) on luminescence properties: 
To evaluate the emission characteristics of the pyrophosphate host with the trivalent 

samarium ion as dopant, the RE ion concentration was varied from 0.1 mol% to 2 

mol%. Figure 7.24a shows the dependence of the PL emission intensity (obtained 

with λex = 403 nm) of the rare earth ion with varying doping concentration. Integral 

intensity of 597 nm (4G5/2-6H7/2) is considered. It was observed that, the emission 

intensity of Sm3+ increases with the increase in concentration initially, reaching 

maxima at 1.0 mol % and then decreases with the increasing concentration due to 

concentration quenching. Thus the optimum concentration for Sm3+ is 1.0 mol %. The 

concentration quenching might be due to non-radiative energy transfer from one Sm3+ 

ion to another Sm3+ ion. Considering XC =1% (0.01), critical energy transfer distance 

Rc in Zn2P2O7:Sm3+ phosphor was calculated to be 29 Å. In this case, the Sm3+- Sm3+ 

distance is larger than 10 Å. Thus the exchange interactions are ruled out. Therefore, 

the electric multipolar interaction is believed to be the only mode for the energy 

transfer among the Sm3+ ions in Zn2P2O7. Since the highest intensity was observed for 

the 1 mol% doped sample, all further investigations were carried out on this particular 

sample only. 

  

Figure 7.24: The PL emission intensity of Sm3+ as a function of its (a) 
concentration (b) annealing temperature in crystalline Zn2P2O7. 
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To investigate the effect of annealing temperature on the PL properties of the 1 mol% 

Sm doped zinc pyrophosphate, the as-formed sample (finally heated at 9000C) was 

further annealed at 950, 1000, 1100 and 1200 0C and the changes in PL intensity were 

measured and shown in figure 7.24 b. It was observed that, the PL intensity increased 

with increase in temperature up to 1000oC; above this temperature, a decrease in 

intensity is observed. Initial increase in PL intensity is attributed to reduction in non-

radiative transitions as a result of reducing surface defects with increasing annealing 

temperature up to 1000°C. At 1100 °C and beyond, the annealed samples were highly 

agglomerated and can lead to reduced intensity because of scattering effects on 

incident and emitted light.   

 

7.5.2. Excitation and emission spectroscopy of Zn2P2O7: Sm3+ 

Figure 7.25a shows the excitation spectra of undoped and samarium doped zinc 

pyrophosphate. Broad band at around 240 nm in undoped sample is due O to P charge 

transfer. In case of doped sample there us a broad peak ranging from 220 to 280 nm 

which is due to overlap of O to P and O to Sm charger transfer process. Inset in 

spectra of doped sample is expanded f-f region of Sm3+ . In the wavelength region 

320–550 nm, several excitation peaks are observed and are located at 345nm (6H5/2-
6H13/2), 362 nm (6H5/2-4D3/2), 376 nm (6H5/2-6P7/2), 403 nm (6H5/2-4F7/2), 417 nm (6H5/2- 
6P5/2), 438 nm (6H5/2-4G9/2), 462 nm (6H5/2-4I9/2), 469 nm (6H5/2-4I11/2),  473 nm (6H5/2-
4I13/2) and 485 nm (6H5/2-4I15/2), which are attributed to f–f transitions of Sm3+. From 

the excitation spectrum, it was found that the intensity of f–f transition at 403 nm is 

high compared to the other transitions and thereby 403 nm has been chosen as an 

excitation wavelength for the measurement of emission spectra of Zn2P2O7: Sm3+ 

phosphors. The most intense peak at 403 nm clearly indicates that these phosphors are 

effectively excited by near ultraviolet light emitting diodes. 
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Figure 7.25: Excitation spectra of Zn2P2O7 and Zn2P2O7: Sm3+. Inset in spectra of 
doped sample shows the expanded f-f region of Sm3+.  
 

Emission spectrum is recorded for weighed amount of undoped and doped sample 

under similar condition and is shown in Figure 7.26. It was observed that there is a 

broad band ranging 400-560 peaking at 475 nm for undoped sample. This emission is 

assigned to oxygen related defects in the lattice of zinc pyrophosphate. In doped 

sample there is some shift in host broad band in higher wavelength region; this may 

be because of decrease in band gap of zinc pyrophosphate on Sm3+ doping. The 

emission spectra of Sm3+ ions doped Zn2P2O7 consist of two parts: one is due to host 

in the region of 400-550 nm and the other region is comprising of three sharp 

emission lines from 550 to 700 nm, which are the characteristic lines of the samarium 

ions. Three peaks at 565, 597 and 643 nm are ascribed to the 4G5/2-6H5/2, 4G5/2-6H7/2 

and 4G5/2-6H9/2 transitions of the Sm3+ ions respectively. Among these, the transition 

at 597 nm (4G5/2-6H7/2) is having the maximum intensity, which corresponds to the red 

emission of Sm3+: Zn2P2O7 phosphors. It can be stated that the strong red emitting 

transition 4G5/2-6H7/2 at 597 nm (ΔJ = ±1) is a partly magnetic dipole (MD) and partly 

electric dipole(ED) nature emission band. The other transition at 565nm (4G5/2-6H5/2) 

is purely MD natured and at 643 nm (4G5/2-6H9/2) is purely ED natured, which is 

sensitive to crystal field. Generally the intensity ratio of ED and MD transition has 

been used to measure the symmetry of the local environment of the trivalent 4f ions. 
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The greater the intensity of the ED transition, the more the asymmetry nature. In our 

present study, the 4G5/2-6H5/2 (MD) transition of Sm3+ ions is less intense than 4G5/2-
6H9/2 (ED) transition,n which indicates Sm3+ ions preferentially occupy asymmetric 

site in Zn2P2O7. 

 

Figure 7.26: Emission spectra Zn2P2O7 and Zn2P2O7: Sm3+ 

 In order to evaluate the colorimetric performance of the phosphor, the color 

coordinates for the sample Zn2P2O7:Sm3+ (1mol %) were calculated using the 

intensity-corrected emission spectra excited by 403 nm. The calculated CIE 

coordinates for Zn2P2O7:Sm3+ (1mol %)   are found to be 0.37 and 0.36 as indicated in 

the CIE chromaticity coordinate diagram and thereby confirms the near white color 

emission (on the boundary line of CIE white domain) as shown in Fig. 7.27.  

 
Figure 7.27: CIE index diagram of the Zn2P2O7: Sm3+ 
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The correlated color temperatures (CCT) is also calculated using same equation as 

mentioned in 3.2. The value of CCT (x= 0.37 and y= 0.36) for Zn2P2O7:Sm3+ (1mol 

%) is 4195 K.  Since Zn has two lattice sites (5 and 6-coordinated Zn) in Zn2P2O7, 

namely SI and S2 as already discussed which can be occupied by the Sm3+ ions, PL 

decay time (life time) studies were also conducted and the obtained lifetimes value 

were tabulated in 5.6 .  Broadly, the analysis showed the presence of two components; 

one short lived and one long lived.  The life time values were ~100 µs (short 

component, T1) and 1.9 ms (long component, T2) which can be indicative of the 

presence of two emitting species or states.  

Table 5.6: Life time data for Zn2P2O7: Sm3+ at λex-403 nm under different λem 

 

 

 

 

 

 

 

 

Assuming a given phonon energy (same host for the lanthanide ions), a relatively 

longer PL decay time should be attributed to a more symmetric site, as the f-f 

transition becomes more forbidden, whereas a shorter decay time is often associated 

with an asymmetric site due to relaxation in the selection rules. In the structure of α-

Zn2P2O7, 5-coordinated Zn (S1 site) is surrounded by five nearest neighbour oxygen 

ions in the form of square pyramidal, which is a more heavily distorted structure than 

that of the 6-coordinated Zn (S2) site with regular octahedra. Species T1 (100 µs) 

arises  because of Sm3+ ions occupying S1 without inversion symmetry  whereas T2 

(1.77 ms) can be ascribed to Sm3+ ions occupying S2 with inversion symmetry.  

In the Zn2P2O7: Sm3+  phosphor, Sm3+ ion is incorporated into a host lattice and 

substitutes for Zn2+ ion, in which the substitution is imbalanced. To maintain the 

electrical neutrality, two Sm3+ ions should substitute for three Zn2+ ions. So the 

defects that affect the luminescent intensity exist in the Zn2P2O7: Sm3+. One vacancy 

Emission 

wavelength 

τ1(µs) τ2 (ms) 

565 102 1.92 

597 107 1.93 

643 104 1.97
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defect of V’’Zn with two negative charges, and two positive defects of SmZn
· would be 

created by each substitution of every two Sm3+ ions in Zn2P2O7. 

 

7.6. Summary: 

In summary, the polymeric precursor method has been successfully applied for the 

synthesis of α-Zn2P2O7. We could identify the phase transitions between 390 and 400 

K in our powder sample by EPR and HTXRD.  DSC confirmed that the transition is 

reversible and is of 1st order. In case of Zn2P2O7: Eu3+,  PL Emission and decay time 

data of the sample suggested the stabilization of the rare earth ion at two different 

sites.  The first type was a long lived species (~τ= 1.77 ms) present at asymmetric ‘5-

coordinated Zn (square pyramidal, S1)’ sites and the second was a short lived 

component (τ= 620 µs) present at relatively symmetric ‘6-coordinated Zn (octahedral, 

S2) sites. Low temperature PL experiment did not give any light on this except the 

enhancement in emission intensity and decay time. This unusual phenomenon was 

explained by calculating theoretical value of radiative lifetime- J-O calculations. 

Radiative life time of Eu3+ species present in symmetric environment was higher than 

that of the species present in asymmetric environment, which is consistent with the 

selection rules governing the transition.  To see the effect of octahedral and square 

pyramidal crystal field, Transition metal ion will be a better candidate than lanthanide 

ion, for which crystal field effect is more dominant; Hence Manganese ion was doped 

in the host lattice. Based on EPR and PL investigations, it was inferred that Mn is 

getting stabilized as both Mn (II) and Mn (IV). Crystal field of square pyramidal is 

more than octahedral and generally green emission - arises from weak crystal field 

and the red one from stronger crystal field. Based on above two points, we can 

conclude that Mn (II) –occupies octahedral Zn(II) site and Mn(IV) occupies square 

pyramidal Zn(II) site. For exploring zinc pyrophosphate as a luminescent host, Sm3+ 

doped Zn2P2O7 was synthesised. Upon near UV light excitation (403 nm), 

Zn2P2O7:Sm3+ exhibits host emission at 450 nm along with characteristic emission 

lines of Sm3+. Based on PL decay measurement, it was inferred that two different 

types of Sm3+ ions were present in the zinc pyrophosphate. The first type was a short 

lived species (~τ= 100 µs) present at less symmetric ‘5-coordinated Zn’ sites, while 

the second was a long lived species (~τ= 1.9 ms) present at symmetric ‘6-coordinated 

Zn’ sites. The colour coordinates of the system were evaluated using CIE index 
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diagram to be 0.36 and 0.37, which suggested that the prepared material is a potential 

near white light emitting phosphor. As a luminescent material Zn2P2O7: Eu3+ gives 

red/orange emission depending on the site occupancy of europium ion, while Zn2P2O7 

doped with Mn and Sm gives near white emission. 
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Conclusions and future scope 
 

Conclusions 
The work presented in this thesis deals with the synthesis and characterization of a 

variety of inorganic luminescent materials based on oxides viz. silicate, zirconate, 

cerate and phosphate. Luminescent and structural properties of these materials before 

and after doping with lanthanide ions have been investigated using XRD, SEM, TEM, 

FT-IR, EXAFS, PAS, TSL and photoluminescence techniques. A brief introduction to 

nanomaterials, their luminescence properties and different types of luminescent 

materials are discussed. Basic principles of different experimental techniques used for 

the characterization of the prepared nanomaterials are discussed along with details of 

the instruments used in chapter 2. Subsequent chapters (chapters 3-7) deal with the 

synthesis of lanthanide doped nanomaterials and investigation of their structural and 

luminescent properties.  

Sm3+ and Eu3+ behave differently in nanocrystalline ThO2. Emission spectroscopy 

shows warm white light emission in ThO2:Sm3+, whereas intense red emission is 

observed in case of ThO2:Eu3+.  Biexponential decay is observed for Sm3+ as well as 

for Eu3+ in ThO2. In both cases, longer lived species is due to the presence of 

Sm3+/Eu3+ ion in cubic (Oh) site with inversion symmetry. In case of Sm3+ doped 

thoria, shorter lived species is due to its presence on the surface of nanocrystals, 

whereas europium behaves distinctly in nano ThO2; short lived species T1 (~1.3-3.4 

ms) arises because of Eu3+ ions occupying non-cubic (<C2v) sites without inversion 

symmetry. It was also observed in case of ThO2:Eu3+ that extent of asymmetry around 

Eu3+ at 700/900oC is very high as compared to as prepared or 500oC annealed sample.  

Short lived species T1 (~1.3-3.4 ms), which predominates at higher annealing 

temperature, arises because of Eu3+ ions occupying non-cubic (<C2v) site without 

inversion symmetry, whereas long-lived species T2 (~4.6-6.6 ms) can be ascribed to 

Eu3+ ions occupying cubic (Oh) with inversion symmetry. Eu behaves entirely 

different in zirconia and thoria in terms of local site symmetry. 

Different lanthanide ions viz. Eu, Sm and Dy ions have been used as structural probes 

to understand their site occupancy in Sr2SiO4 and SrZrO3. These ions were found to 

behave differently in terms of their local site occupancy in these matrices. This aspect 

has been investigated in detail in the present work. Theoretical modeling and EXAFS 
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studies were carried out to explain such anomaly. Effect of replacing Si (IV) by Ce 

(IV) in Sr2SiO4 is investigated in Sr2CeO4 system. Ionic size of silicon 0.40 Å; not 

ideal for Eu3+ substitution- entire Eu is distributed to Sr2+ site. Si (IV) is replaced by 

Ce (IV) whose ionic radius is very close to Eu (III). Also synthesizing Sr2CeO4 is a 

challenge, because it decomposes peritectically to SrO and SrCeO3 at higher 

temperatures.   

TRFS has been extensively used; combined with EXAFS and theoretical calculations 

to understand the local site symmetry of Eu, Dy and Sm in sol-gel derived Sr2SiO4. 

Based on these studies, it was inferred that Eu3+/ Eu2+ occupies both 9- and 10-

coordinated Sr2+ sites in strontium silicate whereas  Dy3+ / Sm3+ ions occupy only 9-

coordinated sites. Long lived Eu3+ species was occupying a more symmetric 10-

coordinated Sr(1) sites, whereas the short lived Eu3+ was present at relatively less 

symmetric 9-coordinated Sr(2) . Eu2+ also substitutes both the Sr2+ - leading to two 

emission bands. When Eu occupies Sr(1) site with weak crystal field, the emission 

band is about 470–490 nm, while Sr(2) site has a more compact environment and 

stronger crystal field effect, leading to a longer emission wavelength of 590–610 nm. 

Theoretical modelling suggested that substitution of Sr in α’-Sr2SiO4 at 9-coordintated 

site is more favourable than 10-coordinated site. Due to relatively higher bond 

strength of Dy-O and Sm-O bond, the inclusion of these ions at 10-coordinate site 

result in shortening of few M-O, which leads to distortion in MO10 polyhedra. Such a 

distortion leads to destabilization of the conformer having Dy/Sm at 10-coordinated 

sites. 

In Sr2SiO4, all the lanthanides occupy Sr sites only but with different coordination. To 

see a similar effect, we wanted to synthesize a compound, where two different types 

of site (A and B) for lanthanide occupancy was present. 

Keeping this in mind, SrZrO3 and Sr2CeO4 were synthesized using gel-combustion 

and polymeric precursor route respectively. Nanocrystalline SZ sample showed defect 

induced intense violet blue and weak orange red emissions. Based on EPR and 

theoretical studies, these defects were attributed to presence of shallow and deep 

defects, respectively. Their corresponding lifetimes were calculated using PL decay 

measurements. On doping Sm3+ in SZ, an efficient energy transfer takes place and 

Sm3+ ions are localized both at  Sr and Zr positions of SZ. Theoretical calculation has 

also shown that incorporating Sm at individual site does not change the band gap at 

all; but incorporating Sm simultaneously at Sr and Zr site decreases the band gap by 
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0.7 eV.  PL decay time showed  the presence of two life times in case of 

nanocrystalline SrZrO3:Sm3+: (i) Sm3+ at Zr4+ site (τ=500 µs) and (ii) Sm3+ at Sr2+ site 

(τ=1.2 ms) in the ratio of 3:1. In europium doped sample also, europium is distributed 

between two sites Sr and Zr; HAB (host absorption band) excites mostly Eu at Sr site, 

CTB (charge transfer band) excites mostly Eu at Zr site, whereas f-f band  excites 

both types of europium equally. In case of Gd/Sm doped SZ samples, Gd prefers Sr2+ 

site and Dy prefers Zr4+ site only. Moreover SrZrO3:Dy3+ shows near white light 

emission: due to presence of blue, yellow and red emissions.  

Detailed photoluminescence investigations of undoped Sr2CeO4 showed bluish white 

emission with single lifetime of 59 �s. The emission spectra of the europium doped 

cerate sample showed characteristic peaks corresponding to the 5D0 → 7Fj (j=1, 2) 

transitions of Eu3+ ion as well as host emission under CTB. The PL decay time studies 

showed a bi-exponential decay, which was attributed to presence of europium ion at 

both Sr2+ as well as Ce4+ sites. Concentration quenching of the PL signal intensity was 

observed for Eu ion concentration of more than 5 mol%. From this, the critical energy 

transfer distance of Eu3+ was calculated to be 13 Å and the mechanism of 

concentration quenching was determined to be the multipole–multipole interaction. It 

was observed that with increase in Eu3+ concentration, PL intensity of europium 

emission lines increases, whereas that of host emission decreases. This is assigned to 

energy transfer between host and europium ions.  

 Luminescence properties of hosts like Zn2P2O7 (both undoped and doped) with 

lanthanide ions have been investigated for the first time with a view to develop new 

and robust phosphor materials with multifunctional applications. Zinc pyrophosphate 

is known to undergo structural phase transition at 132oC. We doped 2.0 mol % Mn2+ 

in zinc pyrophosphate and used electron paramagnetic resonance (EPR) as a probe to 

understand the mechanism for phase transition. This aspect was also supported by 

high temperature x-ray diffraction (HTXRD) and differential scanning calorimetry 

(DSC).  In case of Zn2P2O7: Eu3+,  PL emission and decay time data of the sample 

suggested the stabilization of the rare earth ion at two different sites.  The first type 

was a long lived species (~τ= 1.77 ms) present at asymmetric ‘5-coordinated Zn 

(square pyramidal, S1)’ sites and the second was a short lived component (τ= 620 ms) 

present at relatively symmetric ‘6-coordinated Zn (octahedral, S2) sites.  Low 

temperature PL experiment did not give any light on this, except the enhancement in 
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emission intensity and decay time. This unusual phenomenon was explained by 

calculating theoretical value of radiative lifetime- J-O calculations. Radiative life time 

of the Eu3+ species present in symmetric environment was higher than that of the 

species present in asymmetric environment, which is consistent with the selection 

rules governing the transition.  To see the effect of octahedral and square pyramidal 

crystal fields (on what?), transition metal will be better candidate than lanthanide ion, 

wherein crystal field effect is more dominant, Manganese ion was doped in Zn2P2O7. 

Based on EPR and PL investigations, it was inferred that Mn is getting stabilized as 

both Mn (II) and Mn (IV). Crystal field of square pyramidal is more than octahedral 

and generally green emission arises from weak crystal field and the red one from 

strong crystal field. Based on above two points, it can be inferred that that Mn (II) 

ions occupy octahedral Zn(II) sites and Mn(IV) ions occupy square pyramidal Zn(II) 

sites. For exploring zinc pyrophosphate as a luminescent host, Zn2P2O7: Sm3+  was 

synthesized.  Upon near UV light excitation (403 nm), Zn2P2O7:Sm3+exhibited host 

emission at 450 nm along with characteristic emission lines of Sm3+. Based on PL 

decay measurements, it was inferred that two different types of Sm3+ ions were 

present in zinc pyrophosphate. The first type was a short lived species (~τ= 100 µs) 

present at less symmetric ‘5-coordinated Zn’ sites, while the second was a long lived 

species (~τ= 1.9 ms) present at symmetric ‘6-coordinated Zn’ sites. The colour 

coordinates of the system were evaluated using CIE index diagram to be 0.36 and 

0.37, which suggested that the prepared material is a potential near white light 

emitting phosphor.  

Future scope 
 

(1) Theoretical and EXAFS measurements to understand the local structure of Eu, Dy 

Gd and Sm in SrZrO3. 

(2) Comapring the PL properties of CaZrO3, SrZrO3 and BaZrO3 and their origin. 

(3) Exploring thorium oxide for synthesizing pure white light materials 

(4) EPR and SQUID measuremt on SrZrO3 to understand the mechanism for defect 

induced magnetic properties 
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