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Abstract 

Bifunctional nanomaterials have exhibited potentially promising physico-chemical properties which 
can revolutionize and transform the landscape from bioclinical industry to next generation advance 
devices. In particular, colloidal nanoparticles have been extensively investigated as probes in 
biomedical and devices industries due to their unique size dependent electronic, optical, and magnetic 
properties amongst all possible building blocks of bifunctional materials. Superparamagentic iron-
oxide nanoparticles open up a new avenue to the development and application of photonic 
technologies such as novel optical devices and bioclinical research by coupling with fluorescent 
materials especialy rare eath ions. Rare earth nanomaterials, which feature long lived intermediate 
energy levels and intraconfigurational 4f-4f transitions, are promising supporters for photon 
conversion in a wide range of fluoride hosts covering UV to IR region and are preferred over other 
fluorescent materials due to their large stokes shift, sharp emission spectra, long lifetime, multiphoton 
and up/downconversion excitation-emission preocesses. Owing to the unusual magnetic and optical 
properties associated with f-electrons, rare-earth elements are very suitable for creating bifunctional 
materials themselves at platform of nanoscale by employing the unique magnetic and 
up/downconversion luminescence properties integrated within single particles upon proper choices of 
particle matrix and dopants. 
In the present thesis, we have discussed (i)  bifunctionality of triply doped multicolor tuned photonic 
nanomaterials based on LaF3:Ce3+,Gd3+,Eu2/3+ prepared by polyol synthesis; (ii) green emitting triply 
doped bifunctional iron-oxide/ZnS@LaF3:Ce3+,Gd3+,Tb3+ nanocomposites with efficient optical and 
magnetic functionality, obtained using co-precipitation method; (iii) red/green emitting binary doped 
optical-magnetic up/downconverting ȕ-NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ (RE= Ce, 
Eu; Yb, Er) nanoparticles using microwave assisted thermolysis; and (iv) scintillating response due to 
neutrons for colloidal nanoparticles of LaF3:Ce3+,Gd3+,Eu2/3+. The prepared materials have been  well 
characterized structurally using powder x-ray diffraction, transmission elecron microscopy techniques 
and Fourier transform infrared spectroscopy. The excitation/emission (photoluminescence) 
investigations, time decay analysis of emitting level, and proposed energy transfer mechanism for 
different nanomaterials have been carried out and result in exciting optical characteristics due to f-f 
transition (Eu3+, Tb3+, Er3+) and  f-d transitions (Ce3+, Eu2+) of rare earth ions. Furthermore, the 
magnetic characteristics of the materials were evaluated and materials containing iron-oxide as part of 
nanoentity displayed superparamgnetic nature whereas LaF3:RE3+ and NaGdF4:RE3+ showed their 
typical paramagnetic characteritcs at room temperature. Additionally, colloidal LaF3:Ce3+,Gd3+,Eu2/3+ 
nanoparticles proved to be efficient nanoscintillators for neutron detection, under irraditon of 
241AmBe source. The result encouraged to test other nanomaterials under high energy irradiation and 
to further design of commercial nanoscintillators. The intense optical and sufficient magnetic 
peculiarities of the mentioned materials are probably quite appealing for magnetic-optical imaging 
(X-ray/Ȗ-ray or NIR-Laser excitation), magnetic light-converting molecular devices and smart 
magnetic and radiationfield detection. 
 
Keywords: Bifunctional materials, NaGdF4, LaF3, Superparamagnetic iron-oxide nanoparticles, 
photoluminescence, up/downconversion, Inorganic rare earth materials, Scintillation 
 

 



Resumo 
Nanomateriais bifuncionais exibem propriedades fisico-químicas potencialmente promissoras que 
podem revolucionar e transformar o panorama da indústria bioclínica e da próxima geração de 
dispositivos avançados. Em particular, as nanopartículas coloidais têm sido amplamente investigadas 
como sondas em indústrias biomédicas e também como dispositivos devido às suas propriedades 
eletrônicas, ópticas e magnéticas dependentes do tamanho único entre todos as possíveis unidades 
básicas dos materiais bifuncionais. As nanopartículas de óxido de ferro superparamágneticas abrem 
uma nova via para o desenvolvimento e aplicação de tecnologias fotônicas, como novos dispositivos 
opticos e pesquisas bioclínicas, acoplando materiais fluorescentes, especialmente íons de terras raras. 
Os nanomateriais de terras raras, que apresentam níveis de energia intermediários de longa duração e 
transições intraconfiguracionais 4f-4f, são materiais promissores para a conversão de fótons em uma 
ampla gama de matrizes de fluoreto que cobrem a região entre o ultra violeta e o infra-vermelho e são 
preferidos em relação a outros materiais fluorescentes devido ao grande deslocamento Stokes, 
acentuado espectro de emissão, longo tempo de vida, emissão multi-fotônica e processos de 
excitação/emissão de conversão para os modos ascendentes/descendentes.  Devido as propriedades 
magnéticas e opticas incomuns associadas aos elétrons 4f, os elementos  terras raras são muito 
adequados para a criação de materiais bifuncionais em nanoescala, empregando as propriedades 
únicas magnéticas e de luminescência por  modos ascendentes/descendentes integradas em uma única 
partícula, dependendo da escolha apropriada da partícula matriz e dos dopantes.Neste trabalho, 
discutimos (i) a bifuncionalidade do nanomaterials fotônicos ajustados e dopados com multicores 
com base em LaF3:Ce3+,Gd3+,Eu2/3+ preparados pela síntese de polióis; (ii) materiais nanocompósitos 
triplamente dopados de óxido-de-ferro/ZnS@LaF3:Ce3+,Gd3+,Tb3+ bifuncionais que emitem na cor 
verde com eficiente funcionalidade optica e magnética, obtidos usando o método de co-precipitação; 
(iii) materiais magneto-opticos dopados binários na forma de nanopartículas de ȕ-NaGdF4:RE3+ e 
óxido-de- ferro/SiO2/NaGdF4:RE3+ (RE = Ce, Eu, e Yb, Er) que emtem no verde e vermelho nos 
modos ascendente e descendente utilizando micro-ondas assistida por termólise (iv) detecção 
cintilante por radiação de nêutrons para nanopartículas coloidais de LaF3:Ce3+,Gd3+,Eu2/3+. Os 
materiais preparados foram caracterizados estruturalmente usando difração de Raios-X, técnicas de 
microscopia de eletrônica de transmissão e espectroscopia de transformada de Fourier no infra-
vermelho (FTIR). As investigações de excitação/  e emissão (fotoluminescência), a análise de 
degradação do tempo de vida do nível de emissão e o mecanismo de transferência de energia proposto 
para diferentes nanomateriais foram realizados e resultaram em características opticas interessantes 
devido a transições f-f (Eu3+, Tb3+, Er3+) e f-d (Ce3+, Eu2+) de íons de terras raras. Além disso, as 
características magnéticas foram avaliadas e os materiais que contêm óxido de ferro como parte da 
nano-unicidade apresentaram natureza superparamégnetica, enquanto que LaF3: RE3+ e NaGdF4: RE3+ 
mostraram características típicas paramagnéticas à temperatura ambiente. Adicionalmente, as 
nanopartículas coloidais LaF3:Ce3+,Gd3+,Eu2/3+ provaram ser nanoscintiladores eficientes para 
detecção de nêutrons, sob irradiação de fonte de 241AmBe. O resultado motiva a testar outros 
nanomateriais sob irradiação de alta energia e a posterior elaboração de nanoscintiladores comerciais. 
As fortes características opticas e magnéticas (excitação de Raios-X, Raios-Ȗ e Laser), dispositivos 
moleculares magnéticos de conversão de luz e detecção inteligente de campo magnético e de campo 
de radiação.  
Palavras-chave: materiais bifuncionais, NaGdF4, LaF3, nanopartículas de óxido de ferro 
superparamagnéticas, fotoluminescência, conversão ascendente/descendente, materiais inorgânicos de 
terras raras, cintilação 
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Chapter ͳ  
General Introduction and Background  

1.1 Nanoscale materials 

Nanoscale materials are a topic of considerable interest across a number of science, 

engineering and biomedical disciplines.1 The basic rationale is that nanoscale materials, 

typically 1–100 nm, exhibit exceptional structural and functional properties that are not 

available in bulk materials or discrete molecules and have a significant commercial impact, due 

to their unique properties such as finite size and surface effects.2 Finite size effects are related 

to manifestation of so-called quantum size effects, which arises when the size of the system is 

commensurable with the de-Broglie wavelengths of the electrons, phonons or excitons 

propagating in them. Surface effects can be related, in simplest case, to the symmetry breaking 

of the crystal structure at the boundary of each particle, but can also be due to different 

chemical and magnetic structures of internal “core” and surface “shell” parts of 

nanoparticles.3,4 Few major classes of functional nanoplatforms have been extensively studied 

such as: (i) magnetic nanoparticles; (ii) nanophotonic materials; and (iii) plasmonic 

nanoparticles; and widely used in a variety of fields. Magnetic nanoparticles, commonly 

consisting of magnetic elements such as iron (Fe), cobalt (Co), Nickel (Ni) etc., and their 

chemical compounds, show alignment of their magnetic moment in the presence of an external 

magnetic field and concentrate the external magnetic flux density.5,6 This makes the magnetic 

nanoparticles useful for many important applications around. Nanophotonics is an emerging 

frontier that deals with the interaction of light with matter on a nanometer scale exhibiting 

unique tunable optical features.7 The design and control of the excitation dynamics in 

nanomaterials constitute a major area of nanophotonics; they can be utilized to produce new 

frequency converting (light converting) capabilities for instant using lanthanide-doped 

nanophosphors.8,9 Optical nanoparticles are typically composed of quantum dots (CdSe, ZnS, 

ZnTe etc.), dyes or rare earth based materials. Plasmonic nanoparticles including gold, silver, 

and platinum, are highly efficient at absorbing and scattering light.  By changing nanoparticle 

size, shape, and composition, the optical response can be tuned from the ultraviolet (UV) to the 

visible to the near-infrared (NIR) regions of the electromagnetic spectrum.10 They exhibit 

unique localized surface plasmon resonance (LSPR), the collective oscillation of the 
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conduction electrons of the nanoparticles in resonance with the electric field of the incident 

light. 

1.2 Bifunctionality at nanoscale 

The design and synthesis of materials that simultaneously consists upon more than one 

functional part, called multifunctional or bifunctional material.7 Bifunctional nanoparticles 

have exhibited potentially promising physico-chemical properties, which can revolutionize and 

transform the landscape from bio-clinical industry to next generation advance devices. In 

particular, colloidal nanoparticles have been extensively investigated as probes in 

biomedical/devices industries due to their unique size dependent electronic, optical, and 

magnetic properties amongst all possible building blocks.11,12 

Individually, magnetic nanoparticles are one most frequent example of bifunctionality because 

of its several bio-medical and other industrial applications.2,3,5 Magnetic nanoparticles can be 

ignited by an applied magnetic field gradient. This non-invasive approach provides several 

applications including transportation and confinement of nanoparticles and delivery of a 

package at a preferential biological component, such as cancer cure medicine to a designated 

part of the body. Additionally, they can respond to time altering magnetic field, as a result, 

transfer energy from applied field to the nanoparticles and they can heat up.13 The most 

common magnetic nanoparticles are iron-oxide nanoparticles including magnetite (Fe3O4) or 

maghemite (-Fe2O3). These magnetic nanoparticles have advantages of ease-of-preparation, 

bio-degradability, excellent stability, and the tunability of magnetic properties through 

alteration in size and shape, making them the most attractive platforms. When the sizes of these 

magnetic nanoparticles are below a critical size (generally  20 nm), they are 

superparamagnetic, otherwise they are ferromagnetic. Superparamagnetic nanoparticles avoid 

the induced aggregation associated with the residual magnetization of ferromagnetic 

nanoparticles.3 Magnetic nanoparticles can be spherical or anisotropic such as rods, cubes and 

stars and hence provide versatile structural platforms for generations of different 

nanostructures.4 However, due to the high surface to volume ratio, the magnetization of bare 

iron-oxide nanoparticles are usually prone to aggregation. This makes them inadequate 

candidates for biological applications.14,15 Therefore, they are generally functionalized with 

SiO2, carbon, carboxylates, amines, diols, phosphates, phosphonates and sulfonates, in order to 

ensure the colloidal stability of these in an organic or aqueous medium.15 These magnetic 
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nanoparticles are being exploited for applications such as data storage, spintronics, molecular 

cellular isolation, biosensors; hyperthermia, magnetic resonance imaging (MRI); cell 

manipulation etc., and contributed to an extraordinary advance in nanoengineering due to their 

multifunctional characteristics.4,14  

On the other hand, lanthanides optical materials have captured attentions worldwide in the last 

two decades due to their versatile up or down frequency converting capabilities utilizing a low 

energy continuous wave excitation provided by inexpensive diode lasers or using other means 

of source such as xenon lamps.7,16 Rare earth chemical elements are rich in optical and 

magnetic properties owing to the unique properties of 4f electrons and have widely been used 

in catalysis, magnets, phosphors etc. The recent accomplishments in rare earth nanoparticles 

synthesis with tunable shape and size have aroused great interest of researchers to further 

explore their biological and biomedical applications.16,17 For example, Gd-chelates are widely 

used as contrast agents for MRI in clinics, promoting in-vivo applications of rare earth 

nanomaterials.17,18 Hence rare earth based materials have great potential to be used as 

bifunctional materials.  

However, besides possessing interesting physico-chemical properties, magnetic nanoparticles 

and lanthanides optical materials have several limitations e.g., in imaging application as 

compared in Figure 1.1. For instance, optical imaging techniques offer improved high spatial 

resolution allowing the visualization of cell structures, but have limited depth of imaging and 

poor absolute quantitative accuracy due to the absorption of light in tissues.19,20 On the other 

hand, magnetic imaging has no practical limitation in terms of the depth of imaging; however, 

spatial resolution is worse and imaging with more than one probe is problematic.21,22 Hence, 

the concept to combining (hybridizing) the two entities such as magnetic nanoparticles and 

luminescent nanoparticles, complements each other and provide best sensitive tool for sensitive 

label for imaging in cells and tissue engineering.23 Hence, this combination of multiple 

imaging technique,17,18 provides complementary and complete information about the imaged 

object (Figure 1.1). 

Thus, hybrid nanoparticles with combined magnetic and optical properties are much more 

powerful and can be used in a broad range of applications.24–29 Moreover, they offer new 

modalities that neither luminescence nor magnetic nanoparticles exhibit. For example, the 

demonstration of real field dependent luminescence phenomenon called magneto-

luminescence,30 and magnetomotive-photoacoustic phenomenon.31–33 These novel 
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phenomenon shows remarkable potential in several other important applications such as high 

accuracy and secure communication,34 aircraft guidance and radiation field detection and 

modulation of magnetic and optical field. Furthermore, these nanocomposites can be used as 

nanoblocks to build various nanoelectronic and photonic devices by applying an external 

magnetic field to manipulate or arrange the magnetic nanoparticles and optical signals.35,36 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Schematic of overall information retrieved from different imaging modalities from anatomy 

imaging to molecular imaging and how multimodality can be used to cover limitations of each to 

provide more complete information. 

 

 

1.3 Major challenges for magnetic-luminescent bifunctional nanoparticles 

Since magnetic-luminescent bifunctional nanoparticles may provide a new and promising two-

in-one characteristics, there are some challenges also to overcome in their fabrication: (i) the 

complexity in the preparation, which frequently involves multi-step synthesis and many 

purification stages leading their production is quite technical and time demanding;37 (ii) the 

risk of quenching of the luminophore on the surface of the particle by the magnetic core; and 

(iii) quenching each other by number of fluorescent molecules attached to the surface of the 

particle. Although to resolve these challenges, several techniques have been proposed to 

integrate the luminescence and magnetic nanomaterials.38 The fabrications of these are 

commonly achieved as hybrid conjugates of magnetic and luminescent entities or core-shell or 

composite structures using coating, layer-by-layer deposition; and optical materials (quantum 
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dots) on magnetic nanoparticles or vice-versa. Another way is the functionalization of 

magnetic iron-oxide with fluorescent dyes and luminescent complexes, called cross-linking 

attachment of molecule. Moreover, the use of SiO2, ZnS or C as spacer between iron-oxide and 

luminescent materials is of great importance on the performance of nanohybrids. Table 1.1 

reviews some important works related to the engineering of magnetic-luminescent 

nanomaterials. 

 

Table 1.1 Examples of few magnetic-luminescent nanomaterials 

Luminescent material  Magnetic 
material 

Type Synthesis 

NaGdF4: Yb3+, Er3+ Fe3O4 Core-shell Thermolysis process39 
LaF3:Ce3+, Tb3+ Fe3O4 Core-shell Coprecipitation40 

YVO4:Eu3+ Fe3O4 Core-shell Coprecipitation41 
CdSe Fe3O4 Core-shell Thermal decomposition 42 
ZnS Fe3O4 Core-shell Thermal decomposition 43 

Gd2O3:Eu3+ Fe3O4 Core-shell Heating/calcination 44 
-NaYF4:Yb3+, Er3+ Fe3O4 Core-shell Hydrothermal/calcination45 

LaPO4:Ce3+:Tb3+ Fe3O4 Cross linking, Calix Coprecipitation46 
Eu3+ and Tb3+ 

complexes 
Fe3O4 Cross linking, Calix Coprecipitation47 

CdSe/ZnS -Fe2O3 polymer having 
−SH and −COOH 

Organic/water two-phase 
mixture 48 

 Fe3O4 PEG-diacid/ 
Polyethyleneglycol- 
bis-carboxymethyl 
ether 

Covalently conjugation via 
amide bond formation49 

NaYF4:Yb3+,Er3+ Fe3O4 1,10-Decanedicarb-
oxylic acid or 11-
mercaptoundecanoi
c acid 

Crosslinker anchoring 
strategy50 

Tb3+ 
N-(4-benzoic acid-

yl),N`-
(propyltriethoxysilyl) 

urea) 

Fe3O4 SiO2 Coprecipitation and  
Stöber method51 

 

Core/shell structure is the most common type of bifunctional nanosystems. In this type of 

nanoarchitecture, generally a magnetic core is combined with fluorescent molecules, metal 

nanoparticles or semiconductor nanocrystals, etc.52 and therefore exhibits unique optical, 

magnetic and electrical properties. However, different components in these kinds of 

bifunctional nanoparticles interact with each other, which generally weaken or reduce the 
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functionality of each unit. Recent advances in the synthesis of various functional 

superparamagnetic iron-oxide nanoparticles with heterostructures offer a promising solution to 

this problem by creating anisotropic nanoparticles. They consist of functional units with 

different chemistry, polarity, or other physico-chemical properties on asymmetric sides without 

sacrificing their own properties.53,54 The superior properties of these heterostructured rely on 

synergistically enhanced magnetism and synthesis strategies on the precise control of particle 

size, morphology and chemical composition along with functionalization with fluorescent 

material, engineering like dumbbell nanoparticles. The desire to design more sophisticated 

nanoarchitecture with unusual properties is definitely needed. This kind of integration offers 

exciting opportunities for discovering new materials, processes and phenomenon. At 

nanoscale, these kind of bifunctional materials have their own advantage:55,56  

(i) tuned and controlled size depending on application, (ii) nanoparticles be manipulated by 

external magnetic field “action at a distance”, and (iii) dual mode applications, e.g., MRI 

contrast agents and multimodal imaging. 

In spite of the growing attention paid on the bifunctional nanoparticles comprising of magnetic 

and luminescence materials responding to magnetic and optical excitation simultaneously,57,58 

the coupling between magnetism and luminescence of lanthanide ions in these systems remains 

largely ignored. From some recent reports, it has been found that the external magnetic field 

has direct influence on the spectral positions and luminescence intensity of lanthanide ions 

doped in various inorganic hosts. In Er3+/Yb3+ doped Gd2O3 phosphor, for instance, optical 

bistability in the magnetic field dependent luminescence intensity was observed, and ascribed 

to the residual magnetization in the material. In several other systems, with the increase of the 

magnetic field, the suppression of the luminescence intensity was usually observed, 

accompanied by the steady shift of the spectral positions for lanthanide ions like Er3+ and Eu3+. 

This is generally understood based on the interplay of field-induced Zeeman splitting. 

However, the exact mechanism with the application of magnetic field remains obscure. Eu3+ 

doped NaGdF4 nanoparticles, where the obvious shift and splitting of the luminescence bands 

have been detected in the presence of magnetic field. These results can be interpreted in terms 

of Zeeman effects and the magnetic field induced change of local site symmetry around Eu3+. 

Besides optical hysteresis behavior of integrated luminescence intensity for different 

transitions of Eu3+ is found when the magnetic field is scanned (from 0 to 40 T), which is 

connected with the magnetic ordering in the lanthanide sub-lattice. 
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1.4 Lanthanides and luminescence mechanism involved in bifunctional materials 

Lanthanide doped nanophosphors are dilute guest host systems, where trivalent lanthanide ion 

emitters are dispersed as guests in an appropriate dielectric host lattice.59 The luminescence (or 

magnetic) generally arises from 4f-4f orbital electronic transitions, with associated wave 

functions localized within a single lanthanide ion.60 The shielding of 4f electrons by the outer 

complete 5s and 5p shells gives non-blinking and line-like sharp emissions, which exhibit high 

resistance to photobleaching and photochemical degradation. Strictly speaking, the main intra-

4f electronic dipole transitions of lanthanide ions are forbidden by quantum mechanical 

selection rules; however, they are still manifested due to local crystal field induced intermixing 

of the f states with higher electronic configurations. Besides, the dipole-forbidden nature of the 

4f-4f transitions yield very long lifetimes for these energy levels of lanthanide ions. These long 

lifetimes play an important role in increasing the probability of sequential excitations in the 

excited states of a single lanthanide ion, as well as in permitting favorable ion-ion interactions 

in the excited states to allow energy transfers between two or more lanthanide ions. Through a 

judicious selection of one or more lanthanide dopants, nanophosphors can display either 

frequency upconversion (UC) such as infrared (IR) to shorter wavelength near infrared (NIR), 

visible, or ultraviolet (UV), or downconversion (DC), such as IR being further red-shifted. 

Further, it may also happen that UV excitation can be converted into visible color lines through 

quantum cutting or downconversion. Unlike the quantum confined systems, the electronic 

energy gap of lanthanide doped nanophosphors does not change with a change in the size or 

shape. However, their emission properties (color, efficiency, and lifetime) are indeed 

dependent on nanoscale structures of nanophosphors, which influence the electron-phonon 

coupling, local crystal field, and nanoscopic ion-ion interactions. Manipulation of a nanoscale 

dielectric environment (host) to control the excitation dynamics is, therefore, of great 

importance in order to control their frequency-converting capabilities. Two typical energy 

transfer modes have been established in rare earth ion activated materials to understand the 

emission behavior, namely downshifting or quantum cutting, and upconversion (UC). 

1.4.1 Upconversion process: Upconversion refers to a process generating higher energy 

emission under low-energy excitation.61,62 Upconversion processes are mainly divided into four 

classes (Figure 1.2): excited-state absorption (ESA), energy transfer upconversion (ETU), 

photon avalanche (PA) and energy migration-mediated upconversion (EMU). All the first three 

mechanisms involve the sequential absorption of two or more photons by metastable, long-
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lived energy states. This sequential absorption promotes the ion to high-lying excited state 

results in upconversion emission. A sensitizer ion (type I) first transfers its excitation energy to 

an acceptor ion (type II). The energy transfer from the high-lying excited state of the acceptor 

to a migrator ion (type III) then occurs, followed by the migration of excitation energy via the 

migrator ion sub-lattice through the core–shell interface. Subsequently, the migrating energy is 

trapped by the activator ion (type IV), resulting in upconversion emission. The „nx‟ represents 

the occurrence of random hopping through many type-III ions.62,63  

 

 

 

 

 

 

 

 

Figure 1.2: Upconversion processes (a) Excited state absorption (ESA); (b) energy transfer up-

conversion (ETU); (c) photon avalanche (PA); (d) energy migration-mediated upconversion (EMU) 

involving four types of lanthanide ions doped in different region of core-shell nanocrystals. Note that 

core and shell regions are highlighted with different background colors in (d).

 

1.4.2 Downconversion/Quantum cutting process: The energy of a UV or vacuum UV 

(VUV) photon is more than twice of a visible photon. Theoretically, it is possible to generate 

two visible photons for a single UV/VUV photon absorbed; this two-photon luminescence 

phenomenon is called as quantum cutting (QC) as shown in Figure 1.3a .64 The efficiency gain 

in QC materials is based on the principle that a QC phosphor can result in two visible/infra-red 

photons for each absorbed VUV/vis photon. QC has been demonstrated based on different 

mechanisms. Downconversion (DC) is a special case of quantum cutting. DC is a new route to 

realize visible/IR quantum cutting effect. Figure 1.3b-d illustrates the generalized energy level 

diagrams for three DC mechanisms involving energy transfer (ET) between two different rare-
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earth ions (I and II).64 It is not only the cross relaxation processes but also cooperative process 

is involved in energy transfer mechanism between rare earth ions.65–67 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: (a) QC on a single ion I by the sequential emission of two visible photons. Type I is an ion 

for which emission from a high energy level can occur. Type II is an ion to which ET takes place. (b) 

The possibility of QC by a two-step ET. In the first step (indicated by (1)), a part of the excitation 

energy is transferred from ion I to ion II by mainly cross-relaxation. Ion II returns to the ground state by 

emitting one photon of visible light. Ion I is still in an excited state and can transfer the remaining 

energy to a second ion of type II (indicated by (2)), which also emits a photon in the visible spectral 

region, giving a QE ≤ 200 %. (c and d) The remaining two possibilities involve only one ET step from 

ion I to ion II, sufficient to obtain visible QC if one of two visible photons can be emitted by ion I. 

 

 

Figure 1.3 illustrates the energy-level diagrams for two (hypothetical) types of RE ions (I and 

II) showing the concept of downshifting. Efficient visible QC via two photon emission from a 

high energy level for a single RE ion is theoretically possible as shown in Figure 1.3a. 

However, competing emissions in the IR and UV (the green lines of Figure 1.3a) can also 

occur and prevent efficient visible QC on a single RE ion. Figure 1.3 (b–d) presents 

generalized energy-level diagrams for three DC mechanisms involving ET between two 

different RE ions I and II. Type I is an ion for which emission from a high-lying level occurs. 

Type II is an activator ion to which ET takes place. Figure 1.3b indicates two photon emission 
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from ion pairs by from ions I to II (denoted by (1)), and ET from ions I to II (denoted by (2)) 

with emission from ion II. Figure 1.3c and d show a cross relaxation mechanism followed by 

the emission of photons from both ions I and II. In all three cases, if the two step ET process is 

efficient, theoretical visible quantum efficiency (QE) of 200 %, can be achieved because the 

previous IR and UV losses existing in a single ion can be avoided.   

In addition to the energy migration processes, as mentioned earlier, the size, shape, and surface 

of lanthanide doped nanophosphors are important in relation to a specific application, while 

their composition and the local dielectric environment are essential for their excitation 

dynamics.68 Owing to the high surface-to-volume ratio of nanophosphors, most of the 

lanthanide dopants are exposed to surface deactivations caused by surface lattice defects and 

dangling bonds, as well as by surrounding ligands and solvents that possess high phonon 

energy. The deactivation can occur directly or through an indirect pathway involving energy 

migrations from the interior lattice points to the surface sites. Hence, the excitation dynamics is 

also coupled to the surface properties of nanophosphors due to these nanosize induced surface 

effects, which are not so pronounced in bulk crystals. These factors create interests to 

synthesize nanophosphors of stoichiometric composition in a precisely controlled way and to 

tailor their interface to generate highly efficient nanophosphors for a specific frequency 

conversion. Furthermore, tailoring the interface is also important for the colloidal solubility of 

nanophosphors. 

 

1.5 Nanoscintillators  

A scintillator is a phosphor material with the ability to absorb energetic radiation (x-ray, Ȗ-ray, 

neutrons and charged particles) and to convert a fraction of the absorbed energy into photons 

with characteristic energies (infrared, visible or ultraviolet (UV) photons).69 A scintillation 

phenomenon is an example of bifunctional characteristics of luminescent materials. Detection 

and measurement of radiation is important in many economical activities, including mining and 

nuclear power generation, light emitting diodes (LEDs), biological markers, as well as in 

cancer treatment (radiotherapy), and medical diagnosis and imaging such as positron emission 

tomography (PET).70–72 It is also very important in security applications. Available scintillators 

commonly correspond to high cost single crystals, many of them highly hygroscopic and of 

cumbersome maintenance. Additionally, glasses with intrinsic low light output, and organic 

scintillators that while bright, lack effective stopping power for high energy gamma radiation. 
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Among many varieties such as organic, plastic, and inorganic scintillators, the latter are usually 

known for their high stopping power, since high atomic weight inorganic compounds are 

available that also have high light yield. The high energy ionizing radiation detection using 

nanoscale materials for illustration is of particular interest and relevance to this thesis. 

Researchers are interested to develop and commercializing a new optically transparent material 

based on specially engineered nanoparticles that, when incorporated into scintillation 

counters, permits sensitive and dangerous ionizing radiation detection at lower cost, even in 

trace amounts. In an effort to design a material suitable for detection of ionizing radiation, 

certain conditions have to be satisfied. Since ionizing radiation is usually of the order of high 

energy, firstly the material must be capable of absorbing high energy radiation. Photoelectrons 

or secondary electrons created in the process travel at high velocities. And, for energy transfer 

to take place between these particles and the atoms of the scintillating material, they must be 

slowed down sufficiently to allow the interaction to occur. Therefore, high atomic weight and 

high density material capable of attenuating the radiation is required. Most importantly, a 

material that characteristically emits in the UV or visible wavelength with high efficiency is 

required to be intrinsically situated or doped within a wider band gap material/host. Ideally, 

this material, known as activator, traps the excited carriers from the host and emits light after 

carrier relaxation in its internal energy levels. Furthermore, the time to emission or the carrier 

relaxation time is also important since materials that emit faster after absorption can provide 

higher rates of detection and therefore better accuracy. For this specific purpose, e.g., PET 

scanning application, a material that has a fast decay time will be useful. Essentially, a fast, 

single emission line, high light output activator species embedded in a high density, high 

molecular weight, and wide band gap host should prove to be an ideal scintillator material for 

ionizing radiation detection applications.73 

The fabrication of material involves matching the refractive index of nanoparticles to the host 

matrix in order to reduce optical scattering, and thus enhancing optical transparency. By 

designing the nanoparticles in specific ways, the researchers simultaneously achieve greater 

surface passivation and enhanced light output. A new species of nanocrystals, where a highly 

luminescent ion is doped into a wide band gap host matrix is attractive for high energy ionizing 

radiation detection. Since lanthanides are excellent luminescent ions for the above mentioned 

parameters, and lanthanide halides are good wide band gap host materials, they are popularly 

known as lanthanide doped lanthanum halide nanocrystals, which are very good candidates for 
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radiation detection applications. Best single crystal LaBr3(Ce) is already in the market but 

improvement at nanoscale is needed. The demands for high quality lanthanide containing 

nanocrystals are growing, as more and more problems are being solved by exploiting the 

unique properties of the lanthanide elements, and the way that they act when incorporated into 

a crystalline lattice.20,69,74,75 

 

1.6 Aim of present work and thesis outlines 

The broad applications of lanthanide doped up/downconversion nanomaterials in various fields 

have prompted the development of a new class of novel nanoparticles with desirable optical 

window via up/downconverting mechanism for technological applications. At the same time, 

the development of the subject nanomagnetism especially by considering iron-oxide improved 

the several perspectives in field of biomedicine/device industries. Although considerable 

strategies have been developed for fine tuning of up/downconversion luminescence with 

magnetic entity at nanoscale, this field is still immature in terms of fabrication of the material 

because of compromised magnetic response and tuned photoluminescence characteristics and 

challenging structural templates. Therefore, we have attempted to design bifunctional 

nanomaterials with better structural, optical and magnetic characteristics in search of their 

potential applications particularly in the field of scintillation. In brief, the main points of thesis 

are summarized below:  

 To develop soft, facile and inexpensive chemical synthesis routes of new class of 

magnetic-luminescent bifunctional nanomaterials. 

 To explore physio-chemical properties of binary and ternary rare earth ions activated 

luminescence materials and their alliance with iron-oxide nanoparticles for optical and 

magnetic functionality together. 

 To investigate critically optical and magnetic behavior of the synthesized bifunctional 

nanomaterials for their potential applications. 

 To study the photoluminescence/magnetic properties due to the rare earth dopants in 

inorganic matrices namely LaF3 and NaGdF4. 

 To check their suitability for the potential application in scintillation process using 

ionizing radiation and low cost versatile single ternary doped rare earth fluorides 

primarily.  
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To avail motivating scientific importance and realizing aims of the present work, several 

materials have been synthesized and explored. All of them have been organized in the present 

thesis. 

Chapter 2 provides a comprehensive overview of fundamental aspect of electronic, optical and 

magnetic behavior of rare earth ions involved in photoluminescence phenomena. The special 

features of superparamagnetism and magnetic characteristics of iron-oxide nanoparticles have 

also been discussed. 

Chapter 3 contains the controlled synthesis protocols of nanoparticles by bottom up wet 

chemistry routes along with necessary theoretical background and experimental details for the 

various techniques related to structural, optical and magnetic properties of studied systems. 

Chapter 4 discusses the in-depth structural, microstructural and photoluminescence studies 

performed for multicolor tuned LaF3:Ce3+,Gd3+,Eu3+ downconverting nanoparticles. Further, 

bifunctionality has been coined due to its paramagnetic behavior.  

Chapters 5 presents the structural, magnetic and luminescence properties with proposed 

energy migration of the green emitting bifunctional Fe3O4/ZnS@LaF3:RE3+ (RE = Ce, Gd, Tb) 

nanocomposite into integration. The magntophoretic separation illustration and simultaneous 

green emission under UV irradiation makes these materials very appealing for high energy 

irradiation.  

Chapter 6 investigates thoroughly a comparative structural, magnetic and up/downconversion 

phenomenon in between (Ce3+, Eu3+) and (Yb3+, Er3+) activated NaGdF4:RE3+ as well as iron-

oxide/SiO2/NaGdF4:RE3+ nanoparticles (where RE3+ = Ce3+, Eu3+ and Yb3+, Er3+).  

Chapter 7 contains the experimental results obtained through scintillation mechanism using 

ionizing irradiation emitted from 241AmBe neutron source for 

LaF3:5%Ce3+,5%Gd3+,10%Eu2+/3+ nanoparticles. This chapter provides a better understanding 

of the requirements needed to improve the design and fabrication of nanoscintillators.  

Finally, the chapter 8 highlights the integrated conclusions drawn from the underlying work 

and future scope of the work. The references have been given in chapter 9.  
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Chapter ʹ 
Rare Earth Spectroscopy and Magnetic 
Materials 

2.1 Introduction 

Nanostructures provide an excellent platform to integrate different functional components into 

one single nanoentity to exhibit multifunctional properties. To assemble different nanoparticles 

into a single entity as the novel building block itself is exciting and holds great potential. 

Materials possess luminescence and magnetism simultaneously is of great importance in many 

important applications. 

Luminescence: The emission of light by solid bodies at relatively low temperature is called 

luminescence and light emission by a hot body is termed as incandescence. There are several 

luminescence phenomena occurring in nature such as fluorescence, phosphorescence, 

photoluminescence, radioluminescence, and so on. The photoluminescence is the most 

explored luminescence phenomenon. A general luminescence mechanism and fluorescence 

color can be explained using Figure 2.1a by considering crystal matrix in material acting as a 

(nominally inactive) host having a small quantity of impurity or activator (A). The role of the 

host structure or of the host activator combination is to absorb an excitation in the form of a 

photon of energy hυ1 and re-emits the excitation as a photon of energy hυ2. The color emitted 

is dependent upon the nature of the activator. Sometimes it is found that the activator 

containing material cannot absorb the exciting radiation directly, in which a helper species, a 

sensitizer (host itself or other cation), is needed as well that absorbs the exciting photons, of 

energy hυ3, and passes the energy to the activator. Irrespective of whether the luminescence is 

derived from an activator-sensitizer pair, or just from the activator alone, a rapid decay of light 

is characteristic of fluorescence. On the other hand, a slow decay is characteristic of 

phosphorescence (Figure 2.1b). In this case, the energy is often regarded as being stored in a 

reservoir from which it slowly leaks. This feature is more commonly associated with heavy 

atoms and is one of the reasons why the lanthanides are so much interesting. 

Magnetism: The bifunctional properties come into account due to magnetic activation of rare 

earth ions along with other magnetic component associated with the nanostructure, e.g., 

ferrites, iron-oxide etc. Core-shell templates, composites, heterostructures of iron-oxide or 
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ferrites and luminescent materials, and doping of Fe, Co, Mn, etc., ions along with Ln3+ ions in 

rare earth matrices, lead to wide range of applications. 

 

 

 

 

 

 

Figure 2.1: Schematic representation of energy absorption and emission processes taking place in a 

luminescent material. (a) Absorption of radiation. A represents an activator center and S a sensitizer 

center. (b) Emission of radiation.

 

 

Therefore, it becomes important to study magnetic nature of such systems to assess the real 

potential of bifunctional materials. In the following sections, considering bifunctionality based 

on the luminescence and magnetic nanoparticles, we shall first give some fundamentals 

concept of photoluminescence with central focus on rare earth spectroscopy. Further, magnetic 

properties of iron-oxide at nanoscale and magnetic characteristics of rare-earth ions will also be 

a central theme of this chapter. 

 

2.2 Electronic-optical properties of lanthanides 

Lanthanide ions (RE3+) are important constituents in many optical materials. Lanthanides are a 

group of fourteen elements (La-Lu) appearing in the periodic table after lanthanum with atomic 

number ranging from 57 to 71 and electronic configuration [Xe] 4f1-145d0-16s2. The 4f electrons 

of lanthanide ions are strongly shielded by filled outer shell orbitals. The sharp emission lines 

and long excited state lifetime values from lanthanide ions have been attributed to the shielding 

of 4f electron from the surrounding environment by 5d and 6s electrons, leading to variety of 

important applications. The inorganic luminescent materials provide high luminescence 

efficiency and long-term chemical stability. Table 2.1 summarizes the electronic configuration, 

ionic radius, and main electronic transitions of trivalent ions of lanthanides. 
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Table 2.1:  Electronic-optical properties of lanthanides, energy levels and transitions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.1 Electronic energy levels  

2.2.1.1 4f energy levels of rare earths: Electrons in atoms are ranked in shells and subshells 

defined by two quantum numbers: n, the principal quantum number and l, the angular quantum 

number. Each subshell has 2l+1 orbitals, with a maximum of 4l+2 electrons. As a consequence, 

the 4f subshells of rare earths (n = 4 and l = 3) have seven orbitals with space for 14 electrons 

(ms = 1/2). Considering that each electron can have +½ or -½ spin, there are 
ሺ    ሻ   ሺ      ሻ  ways 

to arrange the electrons in the orbitals, and thus, as many energy levels. Then, there are 20 for 

Element RE3+-ground 
states 

RE3+ 

radius 
(Å) 

Transitions emission 

(nm) 
Energy gap 

(cm-1) 

21Sc [Ar]3d0  (1
S0 ) 0.68 - -   - 

39Y [Kr]4d0  (1
S0 ) 0.88 - -    - 

57La [Xe]4f0  (1
S0 ) 1.06 - -    - 

58Ce [Xe]4f1  (2
F5/2) 1.03 5d2

F5/2 -     - 
59Pr [Xe]4f2  (3

H4 ) 1.01 3
P03

H6 
1
D23

F4 
1
G43

H5 

610 
1060 
1300 

3910 
6940 
    - 

60Nd [Xe]4f3  (4
I9/2) 0.99 4

F3/24
I9/2 1060 5400 

61Pm [Xe]4f4  (5
I4) 0.98 5

F15
IJ -    - 

62Sm [Xe]4f5  (6
H5/2) 0.96 4

G5/26
H9/2 590 7400 

63Eu [Xe]4f6  (7
F0 ) 0.95 5

D07
F2 615 12300 

64Gd [Xe]4f7  (8
S7/2) 0.94 6

P7/28
S7/2 311 32100 

65Tb [Xe]4f8  (7
F6 ) 0.92 5

D47
F5 550 14800 

66Dy [Xe]4f9  
(6

H15/2) 
0.91 4

F9/26
H13/2 570 7850 

67Ho [Xe]4f10 (5
I8 ) 0.89 5

F55
I7,6 

5
S25

I8 

970,1450 
550 

3000 
2200 

68Er [Xe]4f11 (4
I15/2) 0.88 4

S3/24
I15/2 

4
I13/24

I15/2 

545 
1500 

3100 
6500 

69Tm [Xe]4f12 (3
H6 ) 0.87 1

G43
H6 480 6250 

70Yb [Xe]4f13 (2
F7/2) 0.86 3

F5/22
F7/2 980 10250 

71Lu [Xe]4f14 (1
S0 ) 0.85 - -   - 
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the p-electrons, 252 for the d-electrons, and 3432 energy levels for the f-electrons. This huge 

number explains the complexity of classifying the 4f energy levels. The interactions between 

electrons of a unique configuration lead to spectroscopic terms noted 2S+1Ґ where S is the 

angular moment of spin (   ⃗⃗   ∑         ) and Ґ represents the L value, which is the orbital 

angular moment (  ⃗   ∑         ). The Ґ letter is written as S, P, D, F, G..., when the L value is 0, 

1, 2, 3, 4... . The splitting of spectroscopic terms is made through the action of spin-orbit 

coupling.76 This leads to the spectroscopic levels 2S+1ҐJ with    ⃗⃗      ⃗⃗      ⃗⃗ , where    ⃗ is the total 

orbital moment representing the interaction of L and S magnetic moments and 2S+1 represent 

the total spin multiplicity. The values of J can vary from (L+S) to (L-S). The configuration 

where each level is characterized by a triplet (L, S, J) is termed Russell-Saunders coupling or 

simply L-S coupling. The intensity of spin-orbit coupling is characterized by a constant (l).76 l 

is positive if 4f is less than half filled, and negative elsewhere. In the case where 4f is half 

filled (n = 7), there is no coupling since S = 0. The third Hund‟s rule is able to give the 

fundamental level. If n < (2l + 1), the fundamental level is the one having the minimum J. On 

the contrary, if n > (2l + 1), the fundament level is the one with the highest J. Then, the levels 

are arranged with equal energy gap, the gap between two adjacent levels J and J= J + 1 has a 

value of λJ. Each of these levels has a multiplicity of 2J+1. 

For each trivalent ion, the energy levels are positioned considering the electron-electron 

interaction of each unique configuration in a first step. In a second step, the spin-orbit coupling 

partially splits the degeneration of the electron-electron interaction into spectroscopic levels.77 

As we go from La3+ to Lu3+, the 4f orbitals are filled with electrons. These electrons have little 

interaction with the chemical environment of the ion, as the 4f orbitals are shielded, but 

spatially located outside the 4f orbitals. The electronic transitions that are responsible for the 

line like absorption and luminescence spectra are transitions within the 5s2 5p6 4fn 

configuration, and are therefore only marginally affected by the matrix. The occurrence of 

different energy levels belonging to the same configuration is a result of several interactions 

within the ion. Simply, depending on their number, there are many ways to distribute the 

electrons over the “7” 4f-orbitals, but some distributions are energetically more favorable. The 

interactions that split up the levels belonging to the [Xe] 4fn5d0 configuration are clarified in 

Figure 2.2, where we have taken an example of Eu3+ ion. Of the interactions, the coulombic, 

representing the electron-electron repulsions (HER) within the 4f orbitals, is the largest and 
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yields terms with a separation in the order of 104 cm-1. These terms are in turn split into several 

J-levels by spin-orbit coupling, which is relatively large (103 cm-1) because of the heavy 

lanthanide nucleus. We have now arrived at the free ion levels that are described earlier by the 

term symbols 2S+1LJ. 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. 

 

 

 

 

 

 

 

 

Figure 2.2: Splitting of the energy levels belonging to the [Xe]4f75d0 configuration (such as in Eu3+).78 

 

Throughout this work, we will largely ignore this fine structure, although it may be used to 

gather information about the symmetry of the coordination environment.77 In this work, all the 

transitions discussed later relating to the several RE ions are due to the one of main excitation 

transition: 4f-4f transitions, which involve the movements of electrons between different 

energy levels of the 4f orbitals within the same lanthanide ion. There are three main 

mechanisms of the 4f-4f transitions:79 (i) magnetic dipole transition; (ii) induced electric dipole 

transition and (iii) electric quadrupole transition. 

(i) Magnetic dipole transition: The magnetic dipole transition is due to the interaction 

between the active ion (lanthanide) and magnetic field component of the light through a 

magnetic dipole. Intensity of the magnetic dipole transition is proportional to the square of the 
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transition dipole moment. Considering the small size of an ion, the curvature displacement will 

be small, thus the intensity of magnetic dipole transition is normally very weak for the most of 

lanthanide ions. However, it is of interest and used as intensity standards for various doping 

hosts, because it is independent of the environment. Magnetic dipole can be considered as a 

rotational displacement of charge: the sense of rotation cannot be reversed under point 

reversion, thus magnetic dipole transition has even parity.79 

(ii) Induced electric dipole transition: The induced electric dipole transition is the main 

observed optical transition in lanthanide ions, which is due to the interaction of the active 

lanthanide ion and the electric field vector through an electric dipole.80–82 The electric dipole 

operator has odd parity as it supposes a linear movement of charge. The intraconfigurational 

electric dipole transition is forbidden due to the Laporte parity rules. But in reality, weak and 

narrow emissions are observed, which are mainly due to the mixing of the 4f wave functions 

with the opposite-parity wave functions of the crystal field such as the 5d states, charge 

transfer states and so on. Thus, they are often called induced electric dipole transitions. 

(iii) Electric quadrupole transition: The electric quadrupole transitions arise from a 

displacement of charge that has a quadrupole nature.77,83 It can be considered as two electric 

dipoles aligned in different directions. Electrical quadrupole transition is much weaker 

compared with the magnetic dipole transition and induced electrical dipole transition. And it 

should be mentioned that no experimental evidence exists for the occurrence of quadrupole 

transition in lanthanide ions. 

2.2.1.2 5d energy levels of rare earths: The five 5d orbitals play a big role in phosphor 

materials. They are empty in the normal state but could get an electron from 4f levels during 

excitation. In the free ion, the five 5d have the same energy. Contrary to 4f orbitals, the energy 

of the 5d levels will decrease when an ion lanthanide LnQ+ is placed in a host (A). This 

phenomenon is called “red shift,” and is illustrated by D(Q,A) in Figure 2.3. The 

corresponding energy levels are always noted 2D (only one electron can be excited). For cubic 

symmetry, there are two groups: 2Eg and 2T2g. The red shift is due to two phenomena:84 (i) 

nephelauxetic effect, which shifts the barycenter of the 5d in arrange of εc(n,Q,A); and (ii) 

crystal field (CF) splitting of the 5d orbitals in a range of εcfc(n,Q,A). εcfc(n,Q,A) is defined as 

the energy difference between the lowest and the highest 5d levels (Figure 2.3).  cfc depends 

upon the size of the site, the covalence of the bonds, and the coordination of the site. It 

increases with the charge of the ligands and decreases with their size: O > S > F >Cl> Br > I. 
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The emission of 4f-5d transition is also affected by Stokes shift ( S) which results from the 

electron-phonon due to host matrix vibrations. The nephelauxetic effect induces a shift of the 

barycenter (center of mass of two or more electrons that are orbiting each other, or the point 

around which they both orbit) of the d orbitals with a value of εc(n,Q,A) compared to free ion. 

When the electronic cloud of the rare earth is surrounded by a ligand field, part of it is 

delocalized toward the ligands. This induces a global reduction of the electrostatic interaction. 

This value is 6.35 eV for the Ce3+. This effect increases with the polarizability of the ligand 

(Se2->S2->N3->O2->F-) and with the charge density of the anionic ligand (O2- > AlO4
5- > SiO4

4- 

> BO3
3- > PO43- > CO3

2- >SO4
2- > H2O). This crystal field (CF) splits the 5d orbitals without 

modifying the barycenter position.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3: (a) Red shift diagram and transition from 4f and 5d. (b) 4f-5d transition of Ce3+.

 

The parity allowed optical transitions of the RE3+ ions are interconfigurational (4fn→4f n-15d ) 

and are more prevalent in the RE3+ ions which are most easily oxidized to their 4+ states, Ce3+, 

Pr3+ and Tb3+. These f-d transitions are higher in energy (Figure 2.3) than the f-f transitions, 

occurring mainly in the UV region as broad bands. Conversely, the f-d transitions are most 

energetic for those ions which are easily reduced to their 2+ states, Sm3+, Eu3+ and Yb3+ and 

occur in the short wavelength region of the UV spectrum. The electronic absorption and 

emission spectra for most of the Ln3+ ions at wavelengths > 200 nm, involve only transitions 

within the 4fn configuration. The f-d transitions are discussed in more detail in reference84. 

2.2.1.3 The Dieke diagram:  The Dieke diagram (Figure 2.4) has been built for lanthanides in 

the LaF3 matrix, but it can be applied to other matrices since the 4f levels are only slightly 
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dependent on the host matrix.85 Then, depending on symmetry considerations, the most 

probable transitions between these levels can be identified. They are represented here by 

arrows. The Dieke diagram has been commonly used as a reference for estimating the 

absorption and emission spectra of the trivalent lanthanide ions embedded in any host matrix, 

as the optical characteristics are not affected much by the crystal environment.85,86 

2.2.2 Selection Rule 

Luminescence originating from electronic transitions between 4f levels is predominantly due to 

electric dipole or magnetic dipole interactions. Electric dipole f-f transitions in free 4f ions are 

parity forbidden, but become partially allowed by mixing with orbitals having different parity. 

Typical examples of this mechanism are demonstrated by the luminescence from the 5DJ states 

of Eu3+ (Figure 2.2). The intensity of these transitions depends strongly on the site symmetry in 

a host crystal. Magnetic dipole allowed f-f transitions are not affected much by the site 

symmetry. The J selection rule in this case is ΔJ = 0, ±1 (except for 0→0). For electric dipole 

transition, the difference in the J values (ΔJ) is ±2. Oscillator strengths are of the order of 10–5 

to 10–8 for electric dipole transitions, and 10–8 for magnetic dipole transitions. In other words, 

the atomic spectra have to obey the following selection rules: ∆S = 0, the overall spin is not 

allowed to change, because light does not affect the spin; ∆L = 0, 1, with ∆l = 1, the orbital 

angular momentum of an individual electron must change; and ∆J = 0, 1, but J = 0 to J = 0 is 

forbidden.  

2.2.3 Photoluminescence 

There are two basic atomic processes that must take place during photoluminescence: (i) 

absorption; and (ii) emission. In addition, energy transfer between excited and non-excited 

states is often important and, indeed, vital when sensitizers are a necessary component of the 

luminescent system. Some of the fundamental luminescence characteristics can be explained 

as: Emission spectrum, gives for particular excitation energy, the intensity of photon 

emissionas a function of wavelength. It consists of either fine peaks (4f-4f transitions) or large 

bands (4f-5d transitions).87 Absorption spectrum, describes the intensity of absorption, as a 

function of wavelength. Efficient phosphors have strong absorption resulting from specific 

transitions (4f-5d, charge transfer (CT) or band gap transitions) and low energy losses 

(minimizing the Stokes shift, multi-phonon processes, or photoionization).87 Excitation 

spectrum is observed for a particular selected energy emission. This spectrum gives all the 

energies responsible for the emission as a function of wavelength. 
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Figure 2.4: The Dieke diagram: Energy level of the 2S+1LJ multiplet manifolds of trivalent lanthanide 

ions (up to 42000 cm-1).85,86

 

. 
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The performance of phosphors in terms of photon generation is described in two 

different ways,  quantum efficiency and light output (or external luminescence yield):88 

Quantum efficiency:     ሺ ሻ                                                                                                            (2.1) 

External Quantum efficiency:     ሺ ሻ                                                                                               (2.2) 

The ratio 
    ሺ ሻ    ሺ ሻis the absorption A(λ) of the material at λ wavelength. From an industrial 

perspective, the external quantum efficiency is the most important value, since it gives some 

indication of all optical phenomena, including incident photon absorption efficiency. The 

internal yield only explains the optical processes after absorption of the excitation source. The 

former value is generally given as a percentage of a calibrated reference phosphor. The 

lifetime of luminescence (decay time) is defined as the time required for the luminescence 

intensity to decay from some initial value to e-1 of that value.  

 

2.2.3.1 Radiative and nonradiative transitions of lanthanide ions 

Radiative Transition:  There are several possibilities of returning of excited electron to the 

ground state. The observed emission from a luminescent center is a process of returning to the 

ground state radiatively. The processes competing with luminescence are radiative transfer to 

another ion and non-radiative transfers such as multi-phonon relaxation and energy transfer 

between different ions or ions of a similar nature. Figure 2.5 shows the configurational 

coordinate diagram in a broad band emission. Upon excitation, the electron is excited in a 

broad optical band and brought in a high vibrational level of the excited state. The center 

thereafter relaxes to the lowest vibrational level of the excited state and give up the excess 

energy to the surroundings. This relaxation usually occurs nonradiatively to the lowest excited 

energy state because photo-excited electrons rapidly thermalize and are captured by the states 

within ~ kT of the lowest energy levels. From the lowest vibrational level of the excited state, 

the electron returns to the ground state by means of photon emission. Therefore, the difference 

in energy between the maximum of the excitation band and that of the emission band is found. 

This difference is called the Stokes shift. The radiative transfer consists of absorption of the 

emitted light from a donor molecule or ion by the acceptor species. For such transfer process to 

takes place, the emission of the donor has to coincide with the absorption of the acceptor. The 

radiative transfer can be increased considerably by designing a proper geometry. 
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Luminescence generated from intentionally incorporated impurities is called extrinsic 

luminescence. These impurities create local quantum states that lie within the band gap, and 

result in radiative relaxation by an electron-hole recombination from conduction band to 

acceptor state, donor state to valence band or donor state to acceptor state, as shown in Figure 

2.6(a and b). Instead of the photon energy being equal to the band gap, the Stokes shift is 

observed due to the localized quantum state lying in the forbidden band-gap. These transitions 

between the excited and lower energy states are classified as allowed or forbidden based on the 

Laporte and parity selection rules as explained earlier. 

 

 

 

 

 

 

 

 

Figure 2.5: Configurational coordinate diagram in a luminescence centre.89 

 

The electric dipole transition can occur between energy levels with different orbital angular 

momentum, Δl= ±1, and parity. Even though a transition may be forbidden, incorporation of 

activator ions in crystals may perturb the symmetry and magnitude of the crystal electric field, 

resulting in observation of allowed transition. Allowed transitions include s-p and f-d, while d-

d and f-f are forbidden. The f-d transition processes are allowed so optical absorption is strong 

and observed as broad band excitation around 300 nm. The energy of f-d transition is 

dependent on the local crystal field; while the energy of forbidden f-f transitions from rare 

earth activators are constant for different hosts because of isolation of the 4f states. 

Luminescent 5d-4f transitions are found for some rare earth activators, e.g., Ce3+, Pr3+, Eu2+, 

and are sensitive to crystal field splitting in host crystals. Trivalent rare earth ions (RE3+) show 

f-f transition such as Tm3+, Er3+, Tb3+ and Eu3+. Since the 4f energy levels over rare earth 



25 

 

activators are shielded by the outer 5s and 5p electron orbitals, their transition energies are 

largely unaffected by the host materials and the emission spectra exhibit sharp atomic-like 

peaks. 

 

 

 

 

 

 

Figure 2.6: (a) Stokes shift is the energy difference between absorption and photoluminescence 

emission. (b) Radiative recombination processes in extrinsic luminescence.89 
 

Nonradiative Relaxation: 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.89 Under favorable conditions, emission from „higher‟ 

excited states is indeed observed, and that process is the basis of upconversion, 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 in which a highly excited ion emits 

sequentially two photons. 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 multi-phonon 

relaxation. 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 non-radiative 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 wave-functions. A semi-quantitative treatment gives a result of vibration-mediated 

nonradiative decay, luminescence of a given lanthanide ion occurs mainly from one state 
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indicated by the filled circles in Figure 2.7a, which is the state that has a large gap with the 

next lower 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 multi-

phonon relaxation. 

In case of organic media and in aqueous solution,91 where matrix vibrations of high energy are 

ubiquitous, the emission of lanthanide ions stem (almost) exclusively from one level, and 

therefore the number of emission lines is limited as emission from only one emitting state. One 

should, however, not expect the nonradiative decay rate to depend only on the energy gap and 

the number of „fitting‟ matrix vibrations in organic media. Multi-phonon relaxation still 

involves electronic transitions in the ion without a change in parity. For this process selection 

rules also 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 is 

observed. 

 

 

 

 

 

 

 

 

 

Figure 2.7: Possible mechanism for luminescence concentration quenching: (a) energy migration 

among donors (circles) in a chain followed by its migration to a killer site (black circle) which acts as 

non radiative sink; (b) cross relaxation between pairs of centers (Sinusoidal arrows indicate non-

radiative decay).90

 

 

2.2.3.2 Luminescence Quenching 

Luminescence can be quenched due to the nonradiative decay of the excited state as explained 

above. This nonradiative decay is brought about by different mechanisms involving energy 

transfer from the excited state of the donor to different types of acceptors like host lattice, 

0 

1 

2 

3 a) b) 
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organic molecules on the surface, defect levels or nearby ions which may or may not act as 

activator. In the following section different types of non-radiative pathways of the excited state 

are given.7,87,90 

(i) Multiphonon emission: It is clear that the extent of quenching due to phonons depends on 

the energy gap between the emitting states and value of phonon energy. General observation is 

that if the energy difference is more than 5 times the phonon energy, then luminescence is the 

main de-excitation process than the multi-phonon quenching. This also explains the quenching 

of lanthanide ions excited state by organic molecules containing functional groups with high 

phonon energy. Hence, efforts for the development of new efficient luminescent materials 

based on Ln3+ ions are directed towards the search for low effective phonon energy host 

materials. The general order of phonon energy of hosts are fluorides < sulfides < oxides < 

phosphates. 

(ii) Concentration quenching: In principle, an increase in the concentration of a luminescent 

center in a given material should be accompanied by an increase in the emitted light intensity, 

this being due to the corresponding increase in the absorption efficiency. However, such 

behavior only occurs up to a certain critical concentration of the luminescent centers. Above 

this concentration, the luminescence intensity starts to decrease. This process is known as 

concentration quenching of luminescence. In general, the origin of luminescence concentration 

quenching lies in very efficient energy transfer among the luminescent centers. Two 

mechanisms are generally invoked to explain the concentration quenching of luminescence: 

(a) Due to very efficient energy transfer, the excitation energy can migrate about a large 

number of centers before being emitted. However, even for the purest crystals, always a certain 

concentration of defects or trace ions can act as acceptors, so that the excitation energy can 

finally be transferred to them. These centers can relax to their ground state by multi-phonon 

emission or by infrared emission. Thus, they act as an energy sink within the transfer chain and 

so the luminescence becomes quenched, as illustrated in Figure 2.7a. These kinds of centers are 

called killers or quenching traps. 

(b) Concentration quenching can also take place without actual migration of the excitation 

energy among the luminescent centers. This occurs when the excitation energy is lost from the 

emitting state via a cross relaxation mechanism. This kind of relaxation mechanism occurs by 

resonant energy transfer between two identical adjacent centers, brought about by the particular 

energy-level structure of these centers (Figure 2.7b). As the concentration quenching results 
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from energy transfer processes, the decay time of the emitting ions is reduced along with the 

luminescence quantum yield. In general, this decay time reduction is much easier to measure 

than the reduction in the quantum efficiency. The critical concentration is that for which the 

lifetime starts to be reduced. 

2.2.4 Luminescence decay 

The mechanism of luminescence decay from an optical center is of critical importance. In 

particular we have to know if there are any processes internal to the center or external to it, 

which reduce the luminescence efficiency. It is possible to define two decay times, ĲR, the true 

radiative decay time which a transition would have in absence of all nonradiative processes, 

and Ĳ, the actual observed decay time, which may be temperature dependent, as will usually 

occur when there are internal nonradiative channels, and which may also be specimen 

dependent, as when there is energy transfer to other impurities in the mineral. The quantum 

yield may be close to unity if the radiationless decay rate is much smaller than the radiative 

decay. The experimentally observed decay time of the luminescence is given by equation: 

 Ĳ = 1/(kr + ki )                                                                                                                         (2.3)                    

where kr, is the probability of radiative decay and ki is the probability of nonradiative decay 

processes from the same state. If ki is much large than kr, not only will decay time be shortened 

appreciably, but the luminescence intensity will be very weak. Nonradiative deactivation 

within a center occurs by interaction with the vibrating lattice, which depends on temperature. 

Thus ki is temperature dependent. A detailed overview of decay analysis (focused on 

experimental facts) has been provided in chapter 3. 

 

2.2.5 Basics of energy transfer (ET) between rare earth ions 

Energy transfer (ET) between rare earth ions finds wide range of applications in sensitizing 

solid state lasers, infrared quantum counters as well as infrared to visible convertors.92 ET 

between RE ions also plays important role in quantum cutting (QC) processes.93 In this section, 

the basic processes of ET are presented between rare earth ions. Aside from ET by movement 

of charge transports, there remain four basic mechanisms involved in ET processes between 

RE ions: (a) resonant radiative transfer through emission of sensitizer (S) and re-absorption by 

activator (A); (b) non-radiative transfer associated with resonance between absorber (sensitizer, 

S) and emitter (activator, A); (c) multiphonon-assisted ET; and (d) cross-relaxation (CR) 

between two identical ions.  
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Figure 2.8: A schematic diagram for various basic energy transfer processes between two ions (a). 

Note that activator ion (A) receiving the energy from the sensitizer (S) is initially in its ground state. 

Cross-relaxation is the special case where S is identical to A. Doubled arrows symbolizes the 

Coulombic interaction: (i) radiative resonant transfer; (ii) resonant nonradiative transfer; (iii) phonon-

assisted nonradiative transfer; (iv) cross relaxation as a special case of nonradiative transfer. (b) Back 

energy transfer mechanism among organic complex (singlet/triplet state) and lanthanides (Ln3+).

 

A schematic diagram to illuminate the different ET processes between two ions is presented in 

Figure 2.8.94 The efficiency of radiative transfer (Figure 2.8a) depends on how efficiently the 

activator fluorescence is excited by the sensitizer emission. It requires a significant spectral 

overlap of the emission region of sensitizer and the absorption region of activator and an 

appreciable intensity of the absorption of activator. If the radiative ET takes place 

predominantly, then the decay time of sensitizer fluorescence does not vary with the activator 

concentration. In contrast to the non-radiative ET (Figure 2.8b), the radiative ET accompanies 

the significant decrease in decay time of sensitizer fluorescence with the activator 

concentration. Because of the requirement for a considerable absorption capability of activator, 

the radiative ET can usually be neglected relative to non-radiative ET in most inorganic 

systems. Only in a few cases, the requirements for radiative ET are satisfied. ET may occur if 

the energy difference between the ground and excited states of donor (or sensitizer) is equal to 

that of acceptor (or activator) and there exists a suitable interaction between systems. Non-

resonant ET can also take place by the assistance of phonon unless the difference between the 

ground and excited states of donor and acceptor is large. The ET rate between a donor and an 

acceptor is derived by Dexter as follows:95 
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∫  |ۄ   |   |   ۃ|             ሺ ሻ   ሺ ሻ                                                                    (2.4) 

where D and A are a donor and an acceptor, respectively. The factors gD(E) and gA(E) 

represent the normalized shape of the donor emission and acceptor absorption spectra, 

respectively. The matrix elements in eq. (2.4) can be expressed as a function of the distance 

between donor and acceptor, so that the ET probability depends upon the distance between 

donor and acceptor. The distance varies with the interaction type. For exchange interaction, 

this distance is exponential, while it is of the type R-n for the multipolar interactions.93 

If two RE ions are with different excited states, as shown in Figure 2.8a(iii), the probability for 

ET should drop to zero, where the overlap integral ∫   ሺ ሻ   ሺ ሻ   vanishes. However, it is 

experimentally found that ET can take place without phonon-broadened electronic overlap 

provided that overall energy conservation is maintained by production or annihilation of 

phonons with energies approaching kΘd, where Θd is the Debye temperature of the host matrix. 

Then for small energy mismatch (100 cm-1), ET assisted by one or two phonons can take place. 

However, in ET between RE ions, energy mismatches as high as several thousand reciprocal 

centimeters are encountered. This is much higher than the Debye cut off frequency found in 

normally encountered hosts, so that multi-phonon phenomena have to be considered. In their 

theoretical analysis of multi-phonon processes, Miyakawa and Dexter derived a comparative 

relaxation analogue of the multi-phonon gap dependence. According to their theory, the 

probability of phonon assisted transfer (PAT) is expressed by,93     ሺ  ሻ       ሺ ሻ    ሺ    ሻ                                                                                      (2.5) 

where  E is the energy gap between the electronic levels of donor and acceptor ions and   is a 

parameter determined by the strength of electron–lattice coupling as well as by the nature of 

the phonon involved. The above equation has the same form as that for the energy gap 

dependence of the multi-phonon relaxation (MPR) rate, which is also given by the Miyakawa–

Dexter theory as,96     ሺ  ሻ       ሺ ሻ    ሺ    ሻ                                                                                     (2.6) 

It is further indicated that the parameter ȕ is given by:        ; which is further defined as          ቄ   ሺ   ሻቅ     and          ሺ  ݃  ݃ ሻ ; where g is the electron–lattice 

coupling constant, suffixes S and A are sensitizer and activator ions, respectively, n is the 

number of phonons excited at the temperature of the system, ݄  is the phonon energy which 

contributes dominantly to these multiphonon processes and N is the number of phonons 
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emitted in the processes, namely, N =     ݄ . Non-resonant phonon-assisted ET between 

various trivalent RE ions in yttrium oxide crystals were thoroughly studied by Yamada and 

coworkers.92 In their experiments the energy gap between the sensitizer and activator system 

varied in a wide range of energies upto 4000 cm-1. The probability of phonon-assisted ET was 

observed to obtain the exponential dependence on energy gap predicted by the Miyakawa–

Dexter theory. It was revealed that the phonons of about 400 cm-1 which produce the highest 

intensity in the vibronic side bands of yttrium oxide contribute dominantly to the phonon-

assisted process. Cross relaxation terminology usually refers to all types of downconversion ET 

between identical ions. In such a case the same kind of ion is both a sensitizer and an activator. 

As shown in Figure 2.8a(iv), cross relaxation may give rise to the diffusion process already 

considered between sensitizers when the levels involved are identical or to self-quenching 

when they are different. In the first case there is no loss of energy, whereas in the second there 

is a loss or a change in the energy of the emitted photons.85,93,94 Since the major focus of the 

present work is the downshift luminescence process, but a detailed energy transfer mechanism 

of upconversion process can be found in review by Auzel.92 

Back energy transfer: One of the factors that can limit the energy transfer efficiency in 

sensitizer-activator lanthanide systems are the thermally activated energy back transfer from 

the lanthanide ion to other lanthanide ion (Figure 2.8 b). This process occurs when the energy 

difference between the excited state of one ion and the main receiving lanthanide state is less 

than 1500 cm-1, and can be recognized if the lanthanide luminescence lifetimes are temperature 

dependent. This may quench the radiative transition of higher excited state energy ions. As a 

result the energy back-transfer rate is increased relative to the forward transfer, which leads to 

an increased deactivation of the lanthanide luminescent state. Rising of the temperature also 

increases the (endothermic) energy back-transfer rate relative to the forward transfer. 

 

2.2.6 Judd-Ofelt theory 

The Judd-Ofelt (J-O) theory was built independently by Judd and Ofelt in 1962.96 The idea that 

an admixture of the opposite parity can relax the 4fn dipole transitions is the basis of the Judd-

Ofelt theory. Judd-Ofelt has been commonly used to predict the 4f-4f optical transition 

properties of the lanthanide ions within a crystal structure for branching ratios, especially for 

the spontaneous radiative emission rates and lifetimes. The radiative decay rate Ar of the 

electronic transition from an initial state 2S+1LJ to final state 2S+1L
J‟ can be calculated as per  
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 the Judd-Ofelt theory using equation 2.7:                                                                                                                         (2.7) 

where A 𝐷 and 𝐴𝑀𝐷 are the spontaneous transition probability for electric dipole transitions and 

magnetic dipole transitions, and are determined by the oscillator strength ݂ 𝐷 and ݂𝑀𝐷 

separately, 𝑚 is the mass of the electron, 𝑐 is the speed of light in vacuum, 𝜆 is the average 

transition wavelength, ݁ is electronic charge. 

It should be mentioned that the strength of the magnetic dipole transition (݂𝑀𝐷) is only 10-6 of 

that of an electric dipole transition (݂). Thus, ݂𝑀𝐷 is excluded from the discussion below. For 

the electric dipole transitions, ݂ 𝐷 is related to the dipole strength D by,                                                                                                                                          (2.8)  

And the dipole strength D is defined by,    |   | ̂|   |                                                                                                               (2.9) 

where 𝜓݅ and 𝜓݂ are the initial and final wave functions and ô is the electric dipole operator. In 

order to compare the calculated dipole strength with the experimental one, the correction factor 

for the dielectric medium and the degeneracy of the initial levels have to be considered:       ሺ     ሻ                                                                                                                       (2.10) 

In summary, the spontaneous radiative decay rate 𝐴𝑟 can be calculated using:              ሺ    ሻ    |   | ̂|   |                                                                                      (2.11) 

The radiative lifetime τ of an emitting state 2S+1LJ is related to the spontaneous emission 

probabilities of all transition from this state to the underlying states 2S+1LJ;     
       ሺ    ሻ                                                                                                                        (2.12) 

 

2.3 Lanthanide Luminescence Characteristics 

2.3.1 Selection of fluoride matrices 

Due to the high optical quality of crystals and their wide transmission range, fluorides are well 

suited for the study of spectroscopic properties. They have brought a major contribution to the 

knowledge of luminescence processes. Fluorides possess specific characteristics mentioned 

below which influence luminescent properties.   

(i) Wide band gap: The wide band gap makes possible emission from high energy levels. For 
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 instance for Nd3+, Er3+ and Tm3+ an allowed 5d→4f emission has been observed in various 

fluorides around 170 nm in the vacuum UV.97,98 It allows the existence of the scintillating 

properties of BaF2 crystals:99 a wide forbidden band is necessary for avoiding re-absorption of 

the ultraviolet 2pF → 5pBa emission produced when holes are formed in the 5pBa core levels 

by x-rays or Ȗ-rays (cross-luminescence). 

(ii) Low nephelauxetic effect and moderate crystal field splitting: Because of its high 

electronegativity, fluorine is the element inducing the lowest nephelauxetic effect. The crystal 

field in fluorides is lower than in oxides but stronger than in other halides. In oxides the 

nephelauxetic effect and crystal field splitting strongly displace the position of levels formed 

from external orbitals. In fluorides the higher energy of the first 5d level of lanthanide ions 

allows the existence of line emissions from 4f levels usually located in the 5d bands. So in 

fluorides with high coordination number such as BaLiF3, BaY2F5, BaSiF6, Eu2+ substituted for 

barium shows an emission from the first excited 4f7 level (6p7/2) instead of the usual 5d-4f 

band. Similarly in Pr3+ doped LaF3, YF3 and -NaYF4 materials, excitation in the 5d states of 

Pr3+ leads to population of the upper 4f2 level (1S0) at 46,700 cm-l (214 nm). YF3:Pr has the 

peculiarity to exhibit a visible luminescence from this level with a quantum efficiency 

exceeding 1: a two-photon emission occurs by a cascade process (1S0→1I6, followed after non-

radiative decay to 3P0 by 3P0→3HJ, 
3FJ). 

(iii) Long lifetimes of excited levels of ndN and 4fN configurations: Electric dipole 

transitions are allowed if the initial and final states are made up of orbitals of opposite parity 

(∆l = 1, 3; l: orbital angular momentum quantum) and if the spin remains unchanged (∆S =0). 

However parity forbidden transitions can occur as a result of mixing with states of opposite 

parity. Because of the high ionicity of the bonds formed by fluorine, the probability of the 

nd→nd transitions of transition element ions and 4f→4f transitions of lanthanide ions are 

lower than in oxides. This gives result in lower absorption properties and longer lifetimes of 

excited states (r = 1/Prad, Prad: sum of the radiative rates of transitions from the excited state). 

The lifetime of the4F3/2 Nd3+ state from which the 1.06 µm laser emission originates, amounts 

to 700 µs in LaF3, compared to 260 µs in Y2O3, 220 µs in LaC13 and 60 µs in Ȗ-La2S3. Long 

lifetimes are favorable for upconversion processes which are used for instance for infrared-to-

visible conversion. 

(iv) Low phonon energies: The thermal stability of luminescence depends on the energy of 

the emitting level, the change in equilibrium cation-anion distance induced by the electronic 
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transition and phonon energies. In fluorides phonon energies are lower than in oxides and 

higher than in other halides. Typically for most host lattices the highest phonon energies lie in 

the 400-500 cm-1 range (CaF2: 465 cm-1, LiYF4: 490 cm-1). The relatively low phonon energies 

in fluorides are favorable for a high stability. Quenching of the 5d→4f emission of Ce3+ in 

LiYF4 (λmax = 320 nm) starts only at about 900 K. The probability of nonradiative transitions 

between the 4f levels of lanthanide ions (multiphonon transitions) diminishes with increasing 

gap with the next lower level and decreasing phonon energies. Typically the probability for 

non-radiative decay becomes negligible when the energy gap exceeds 4-5 times the highest 

phonon energies of the host. Because of the lower phonon energy and smaller crystal field 

splitting of J levels, in fluorides for Ln3+ ions with closely spaced levels such as Ho3+ and Er3+ 

this condition is filled for various levels which in oxides decay essentially nonradiatively. This 

is the case of the green emitting level 4S3/2 of erbium which is separated from the next lower 

level by 3000 cm-1. The highest efficiencies for conversion of infrared radiation to visible (up-

conversion) have been obtained with YF3 and NaYF4 doped with Yb3+ and Er3+: the energy of 

two IR photons (λ = 970 nm) absorbed by ytterbium is transferred to an erbium ion which is 

excited into the 2Hll/2, 
4S3/2 states. 

 

2.3.2 Selection of dopants  

2.4.2.1 Division of rare earth: We consider the 4f–4f luminescence of RE3+ions can be 

divided into four groups depending on their photonic features:  

(i) Sc3+(3d0), Y3+(4d0), La3+(4f0) and Lu3+(4f14) ions exhibit no luminescence because they 

contain no optically active electrons.  

(ii) Gd3+(4f7) ion presents a special case, since there is a large energy gap between the 8
S7/2 

ground state and first 6
P7/2 excited state (~32000 cm−1), that can emits in the ultraviolet region. 

In general, it cannot accept energy from the lower line excited states of the organic ligands via 

intramolecular ligand to metal energy transfer. 

 (iii) Sm3+(4f5), Eu3+(4f6), Tb3+(4f8) and Dy3+(4f9) ions have relatively large energy gaps 

between their excited and ground states. Complexes of these ions generally show strong 

luminescence because the excited energy levels of the ion lie just below that of the ligand 

triplet state. 

(iv) Ce3+(4f1), Pr3+(4f2), Nd3+(4f3), Ho3+(4f10), Er3+(4f11), Tm3+(4f12) and Yb3+(4f13), the 

complexes of which usually show  only weak 4f–4f luminescence, as a consequence of the 
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small energy gap between their emitting and lower energy levels; this increases the probability 

of nonradiative transitions through coupling with vibrational modes in the ligands. 

The remarkable feature of RE3+ ions is their photoluminescence behavior; some of them show 

luminescence in the visible or near-infrared spectral regions under UV irradiation lamp. The 

color of the emitted light depends on the RE3+ ion. For instance, Eu3+ emits in red, Tb3+ green, 

Sm3+ orange and Tm3+ blue light. The Yb3+, Nd3+, and Er3+ are well known for their near-

infrared luminescence. In addition, the Pr3+, Sm3+, Dy3+, Ho3+ and Tm3+ ions also show 

transitions in the near-infrared region as well as Gd3+ emits in the UV region. 

2.4.2.2 Specific selection of rare earth ions 

(i) Ce3+, a versatile candidate for phosphor materials:  Ce3+ ions with the configuration 4f1 

do not have any 4f-4f transitions. The transition observed is purely an interconfigurational 4f-

5d type. The lifetime is in the range of 20 ns, much shorter than divalent europium (micro to 

millisecond). The 4f level splits into two levels due to spin-orbit coupling, and the 4f-5d band 

shape is different from the one of Eu2+, as shown in Figure 2.9: two large bands appear in the 

case of Ce3+.100,101 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: (Left panel)- The energy-level diagram for Ce3+. The transitions shown correspond to the 

absorption of blue light of wavelength approximately 466 nm and emission at approximately 537 nm. 

(Right panel)- The energy-level diagram for Eu2+.

 

(ii) Eu2+, the blue emitter: Due to their strong dependence on the crystal field, Eu2+ ions give 

color emission from the UV to red spectral range. This aspect is illustrated in Figure 2.9 (right 

panel). In all cases, a band is observed due to the strong phonon coupling with the host matrix. 
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The intensity is high due to the strong permitted transition from the lowest 5d levels to 

fundamental 4f level (singlet 8S7/2). Eu2+ ions generally absorb light strongly through the 4f-5d 

permitted transitions. As emission, excitation bands also strongly depend on crystal field. 

Absorption from vacuum ultraviolet (VUV) to yellow can be observed with Eu2+based 

phosphors.  

(iii) Tb3+ luminescence: The luminescence of Tb3+ is characterized by emission from the 5D4 

state resulting in green luminescence. The 5D4→7F5 emission band at 545 nm is hypersensitive, 

but is not as sensitive to the changes in the environment as the 5D0→7F2 emission of Eu3+. The 

spectra show some structuring within the emission bands, but do not provide the basis for a 

reliable diagnostic probe of the symmetry of the complex, as is the case for the Eu3+ spectra. 

This is caused by the fact that the J-values of the levels involved in the transitions are high, 

resulting in splitting of the J-levels into many sublevels.  

(iv) Eu3+, best spectroscopic probe: The luminescence originating from the Eu3+ ion can be 

used as a probe for the coordination environment, and to obtain information concerning the 

symmetry of the first coordination sphere. The optical transitions of Eu3+ are a special case in 

the theory of induced electric dipole transitions. The induced electric dipole transitions have an 

additional selection rule if the initial level has J = 0, as is the case for Eu3+ (5D0): transitions to 

odd J are forbidden. This generally results in the following emission spectrum: 5D0→7F0 (~ 580 

nm): extremely weak, induced electric dipole (J = 0 to J = 0 is forbidden). 5D0→7F1 (~ 590 

nm): magnetic dipole emission. 5D0→7F2 (~ 613 nm): hypersensitive induced electric dipole 

emission, which is usually dominating.5D0 →7F3 (~ 650 nm): extremely weak, induced electric 

dipole emission.5D0 →7F4 (~700 nm): weak, induced electric dipole emission.100  

(v) Yb3+ and Er3+, a perfect couple for upconversion: According to the definition and 

requirement of upconverting materials,90 a strong IR excitation source is used (solid-state laser 

diode). The IR light is absorbed by the Yb3+ions (4f-4f transition). If the dopant concentration 

is high enough, the energy will be transferred to Er3+ ions by a cross relaxation process directly 

in the excited state. As the lifetime of the excited state in Er3+ ion is long enough, IR photons 

are also absorbed by the excited level and promote the ion to a higher energy emitting level. 

Finally, the system relaxes by emitting green and red light. All these processes have a low 

efficiency. To improve the efficiency, matrices with low energy phonons are preferred, such as 

fluoride materials.  

(vi) Gd3+ ions, a bridge:    Due to highest stable cross section, highest energy (> 32000 cm-1)  
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and no intermediate energy level, Gd3+ ions become very special candidate and used as support 

in energy transfer mechanism. Also, it has a highest neutron captor cross-section. 

  

2.4 Electronic and Magnetic studies of Lanthanides 

2.4.1 Magnetic Moment in Metals  

A most amazing effect arises, when several electrons are put together and are treated as one 

many-particle system. 102,103 By virtue of their Fermionic character, an additional interaction 

called exchange is a consequence of the fact, that two identical particles cannot be 

distinguished in quantum physics. For a system of electrons, out of the set of solutions of 

Schrodinger`s equation, only the anti-symmetric ones (in terms of particle exchange) are 

allowed states. Those states can be expressed by the Slater determinant. The heuristic 

formulation of the Pauli's exclusion principle then follows easily from the general properties of 

the determinant. Exchange interaction between electrons, on the other hand, is a 

straightforward consequence of the exclusion principle. The probability density in space 

depends on the relative orientation of the spins, and different spatial wave functions correspond 

to different energy eigen values, due to coulomb repulsion. In the shape of Hund‟s rules, the 

Pauli principle governs the electronic and magnetic structure within the atom (see Table 2.2). 

In solid state, it is responsible for band structure and magnetic ordering. Magnetic properties of 

the rare earth metals differ, in many aspects, from those of other metals in the periodic table of 

elements. 

2.4.2 Stable (+3) ionic core and paramagnetism of free rare earth ions 

In the metallic state, rare earths use to occur as trivalent ion cores, each of the atoms 

contributing with three electrons to the metallic bonding. One of the inner 4f electrons is 

promoted to a band state and participates in the metallic bonding, together with the two 6s (and 

the 5d, if present) electrons.  Exceptions are cerium (Ce4+), europium (Eu2+) and ytterbium 

(Yb2+). They step out of the line, as a completely empty or a completely filled 4f shell is 

energetically most favorable (Hund‟s Rules). For magnetism,104 the closed inner shells are of 

no importance, as their net magnetic moments cancel out. Valence electrons only account for a 

small fraction of magnetic susceptibility, although they are the essential mediators of exchange 

in the ordered states. Thus, the 4f electron shells are protagonists in terms of the magnetic 

moment. Their occupation with increasing atomic number within the period of the rare earth 

elements perfectly displays the validity of the Pauli principle and Hund‟s rules. The total 
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angular momentum of the 4f electrons can be determined according to Russel-Saunders 

coupling explained earlier in section 2.2.1. 

 

 

Table 2.2 Rare earth ions, quantum numbers (L, S and J), and magnetic moment 

4fn 3+ Ion L S J g   √ ሺ   ሻ          ሺ  ሻ 

0 La 0 0 0    
1 Ce 3 1/2 5/2 6/7 2.54 2.51 

2 Pr 5 1 4 5/4 3.58 2.56 
3 Nd 6 3/2 9/2 8/11 3.62 3.4 
4 Pm 6 2 4 3/5 2.68  
5 Sm 5 5/2 5/2 2/7 0.85 1.74 
6 Eu 3 3 0 -   
7 Gd 0 7/2 7/2 2 7.94 7.98 
8 Tb 3 3 6 3/2 9.72 9.77 
9 Dy 5 5/2 15/2 4/3 10.65 10.83 

10 Ho 6 2 8 5/4 10.61 11.02 
11 Er 6 3/2 15/2 6/5 9.85 9.9 
12 Tm 5 1 6 7/6 7.56 7.61 
13 Yb 3 1/2 7/2 8/7   
14 Lu 0 0 0    

 

 

Table 2.2 shows the respective quantum numbers for the rare earth metal series. The Landé 

factor in the case of Russel-Saunders coupling is;  ݃        ሺ   ሻ  ሺ   ሻ  ሺ   ሻ                                                                                                            (2.13) 

The energetic distance of the lowest lying multiplet to the next higher one is large. At room 

temperature only the ground state is occupied. Thus the contribution of Van Vleck 

paramagnetism to the total paramagnetic moment, i.e., the admixture of the ground state 

multiplet with higher ones, is negligible (exceptions: samarium and europium). 

Paramagnetism of the free rare earth ions: Let us consider the interaction between the 

“free” RE ion with an external magnetic field H. An interaction Hamiltonian of the ion with an 

external magnetic field (denoted the Zeeman Hamiltonian) is usually written as,   ̂      ( ̂    ̂) ⃗⃗      ( ̂   ̂) ⃗⃗                                                                                     (2.14) 
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If  the  field  H  is  directed  along  the  z-axis  of  the  coordinate  system,  the  Hamiltonian  

can  be  written  in  the  following form,   ̂      (  ̂    ̂)                                                                                                               (2.15) 

Based on the state wave functions, |LSJMJ>, that are distinct for each state, we can write the 

matrix elements for this Hamiltonian as,105 

ۄ     |̂  |     ۃ           ;                                                                                           (2.16) 

where,        ሺ   ሻ  ሺ   ሻ  ሺ   ሻ  ሺ   ሻ  is the Lande‟ factor for the multiplet of the RE ion; and  

ۄ     |̂  |  ሺ   ሻ   ۃ           [ሺ   ሻ     ]   
                                                   (2.17) 

Where,            ቂሺ       ሻሺ     ሻሺ       ሻ ሺ   ሻ ሺ    ሻሺ    ሻ ቃ   
 

Let us consider now the behavior of an ensemble of free RE ions in an external magnetic field. 

In this case, the magnetic field tends to orient the magnetic moments  ⃗⃗⃗  of the ions, whereas 

the thermal motion tends to disorient them. As  ⃗⃗⃗  is spatially quantized, the energy of the 

interaction between the magnetic moment  ⃗⃗⃗  of the RE ion with the magnetic field must also be 

quantized. This additional interaction energy WH is given by the expression,                                                                                                                               (2.18) 

As the projection MJ of the angular momentum    takes on (2J + 1) values, with –J ≤ MJ ≤ J, WH 

splits the (initially degenerate) energy level (multiplet) of the ion into sublevels located above 

and below the unperturbed energy level. These sublevels are equally spaced in the energy 

spectrum, with the energy separation between the magnetic (or Zeeman) sublevels equal to          . 

The magnetization of N ion ensembles, each having similar equidistant structure in the energy 

spectrum, is isotropic and can be represented as,105,106        ሺ ሻ                                                                                                                           (2.19) 

where   ሺ ሻis the Brillouin function.     ሺ ሻ             ቀ       ቁ          ሺ     ሻ                                                                           (2.20) 

And            ;           is the saturation magnetization of N ion ensembles at T = 0 K 

(for example, for the RE ion Gd3+, I0 = 7   ). 

Keeping only the first terms in the series expansions of  coth(x) terms in equation (2.20) allows  



40 

 

us to simplify equation (2.19) for high T and a low H (i.e., x << 1) as,       ሺ   ሻ                                                                                                                             (2.21) 

where k is the Boltzmann constant. “I” corresponds to the expression for the paramagnetic 

susceptibility χ, which can be written as;               χ =                                                          (2.22) 

where C is the Curie constant,       ሺ   ሻ         = 
       and MJ is the atomic magnetic 

momentum. Equation (2.22) is called the Curie law, and is used in this text for several 

compounds in which the RE ions can be considered as free ions. For the most part, rare earth 

compounds obey the Curie-Weiss law                                                                                                                                         (2.23) 

Where,   is the Weiss constant, often called the paramagnetic or Curie temperature, which 

takes into account both magnetic and electric interactions between magnetic ions in 

paramagnets. In addition to the orientation-dependent paramagnetism, we also encounter Van 

Vleck paramagnetism,105 caused by the mixing of wave functions of closely spaced electronic 

states of certain RE ions by an external magnetic field H. This situation is especially common 

in compounds containing the RE ions Eu3+ and Sm3+. 

 

2.5 Magnetism and iron oxide nanoparticles 

2.5.1 Magnetism: Magnetism is a physical behavior of the magnetic materials which 

originates from electron orbital motion or intrinsic spin from the presence of unpaired 

electrons. Iron and certain iron containing materials can have unpaired electrons necessary to 

show magnetic behavior. Due to the large number of electrons in materials, magnetic solids are 

more easily viewed as a collection of magnetic dipole moments. Generally, the magnitude of a 

magnetic dipole moment increases with the number of unpaired electrons and is given by,          ሺ    ሻ…(i)         and               | |         √  ሺ   ሻ… (ii)                             (2.24) 

where s is the total spin quantum number from unpaired electrons, gs is the electron “g factor” 

predicted by quantum electrodynamics and 0 and ħ are the Bohr magneton and the Planck 

constant, respectively. 

The potential energy U and force F on a magnetic dipole in a magnetic field are,       ̅  ̅  … (iii)    and       ሺ   ̅  ̅ሻ     ̅  ̅…(iv)     (2.25)                                  

Equation 2.25 (iv) implies that magnetic dipoles are attracted to regions where the density of 
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magnetic field lines is greater. In order to minimize energy according to eq. 2.25 (iii), dipoles 

close to each other will tend to line up in the same direction.106 

 

2.5.2 Iron-oxide at nanoscale 

2.5.2.1 Structure of iron oxide 

Iron oxides are a group of minerals widespread in nature and readily synthesized in the 

laboratory. There are three major types of iron oxide: hematite (α-Fe2O3), maghemite (Ȗ-Fe2O3) 

and magnetite (Fe3O4). The α-Fe2O3 is a blood red iron oxide found widespread in rocks and 

soils. Crystal structure of α-Fe2O3 is corundum (Al2O3), which can be described as 

rhombohedral or hexagonal with the space group     . The Ȗ-Fe2O3 occurs naturally in soils as 

a weathering product of Fe3O4, to which it is structurally related. Both Ȗ-Fe2O3 and Fe3O4 

exhibit a spinel crystal structure, wherein the oxygen atoms form a fcc closed packed 

orientation and the iron cations occupy the interstitial tetrahedral and octahedral sites. Bulk 

magnetite consists of both Fe2+ and Fe3+ atoms and exhibits ferrimagnetic behavior. Large 

ferrimagnetic crystals of Fe3O4 are comprised of multiple magnetic domains that exhibit 

magnetic moments and these are aligned within a domain, but between domains magnetic 

moments are oriented in random directions. 

2.5.2.2 Magnetic characteristics of iron oxide nanoparticles and superparamagnetism 
The most common and easy approach to understand the magnetism of material is dc magnetic 

measurement where we determine the equilibrium, quasi-static magnetic properties. Mainly 

following two properties are evaluated. 

(i) Magnetization curves: In simple terms, when we measure the irreversible changes in the 

magnetization of a sample as a result of applying cyclic positive and negative values of 

magnetic fields, we obtain a hysteresis loop (Figure 2.10a). The path initially followed by the 

magnetization as the field is increased is given by the so-called virgin curve, since the sample 

comes from an unmagnetized or virgin state; then the magnetic structure of the material will be 

irreversibly altered precluding this virgin curve to be retraced during the experiment. Among 

the different parameters that can be extracted from this peculiar graph, there are three that 

provide us with the basic information needed to describe the magnetic behavior of a given 

material in a general fashion. The saturation magnetization (MS) is essentially the limit value to 

which the curve tends within the high field region, and is reached when all the magnetic 

moments in the material are aligned with the external field. Upon field decreasing, the sample 
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does not recover its unmagnetized state, retaining a certain amount of magnetization at zero 

field: the remanence or remanent magnetization (Mr). The third parameter is also a 

consequence of the irreversible character of magnetic hysteresis; the coercivity or coercive 

field (Hc) represents the field we need to apply to completely demagnetize the sample. This 

parameter is very important, for example, in designing materials required to be in a non-

magnetized state at a certain moment for a specific application or to be subjected to cycles of 

demagnetization and remagnetization, like magnetic recording media. 

 

 

 

 

 

 

 

 

 

Figure 2.10: (a) Main parameters of interest in a generic hysteresis loop. Virgin curve is indicated by 

the dashed line; and (b) Generic ZFC and FC magnetization curves for a system of nanoparticles. 

 

(ii) Zero field cooling and field cooling curves: In a typical zero-field cooling/field-cooling 

(ZFC/FC) curves (Figure 2.10b),104 the sample is initially heated up to a temperature high 

enough as to ensure that it is in a superparamagnetic regime prior to the start of the 

measurement; in such a way, we ensure that the initial magnetic state is known. Then the 

sample is subsequently cooled without magnetic field down to lowest achievable temperature 

in the magnetometer (Tmin). From that point, the magnetization (MZFC) is measured by heating 

up the sample under the action of an external field giving the ZFC branch of the experiment. 

The usual tendency of this curve is the same for most of the nanoparticle systems: at low 

temperatures, all the magnetic moments are blocked in random directions eventually leading to 

a (nearly) zero magnetization. In practice, this will depend on the magnetic history of the 

material and the initial conditions of the experiments. As the temperature is further increased 

from Tmin, MZFC rises to a maximum at the temperature Tmax and then decreases again. Tmax is 

related but not necessarily equal to the average blocking temperature (TB), for which both the 
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magnetic relaxation time of the nanoparticles and the measuring time coincide. The FC 

measurement is carried out in a similar fashion to the one already described for the ZFC 

experiments, although in this case the sample is cooled down under a constant magnetic field 

until Tmin is reached again. Again as in the ZFC branch, the measurement, properly speaking, 

will begin when the system is heated up from Tmin to room temperature or its surroundings. 

This process can be considered as reversible from a thermal point of view, since both the 

heating and cooling rates are the same. In ZFC/FC experiments, the irreversibility temperature 

(Tirr), where the condition MFC − MZFC ≠ 0 is met–is that for which the separation between the 

two branches takes place, and represents the blocking temperature of those particles that must 

overcome a higher energy barrier in their magnetic relaxation process. 

(iii) Superparamagnetism: Magnetic property of iron oxide is significantly size-dependent 

and is intrinsically different from bulk magnetic particles. 107,108In large sized magnetic 

particles, it is well known that there is a multi-domain structure, where regions of uniform 

magnetization are separated by domain walls. According to magnetic domain theory, the 

formation of a domain wall inside a magnetic particle is not thermodynamically favored when 

the size decreases to a certain level called critical diameter (Ds). Under this condition, magnetic 

moments are aligned in the same direction within only one magnetic domain. The 

superparamagnetism can be understood by considering the behavior of a well-isolated single-

domain particle. The magnetic anisotropy energy per particle which is responsible for holding 

the magnetic moments along a certain direction can be expressed as follows:  ሺ ሻ               , where ș is the angle between the magnetization and the easy axis. The energy 

barrier KeffV separates the two energetically equivalent easy directions of magnetization. 

Under certain temperature, bulk materials have magnetic anisotropic energies much larger than 

the thermal energy kBT (Figure 2.11, green line). The thermal energy of the nanoparticles is 

sufficient to invert the magnetic spin direction. For single domain nanoparticles, the thermal 

energy kBT exceeds the energy barrier KeffV and the magnetization is easily flipped (Figure 

2.11 (a), blue line). For kBT > KeffV, the system behaves like a paramagnet. This system is 

named a superparamagnet. Superparamagnetic system has no hysteresis and the data of 

different temperatures superimpose onto a universal curve of M versus H/T. 

The relaxation time of the moment of a particle (Ĳ) is given by the Nëel-Brown expression,         ሺ      ሻ, where  kB is the Boltzmann‟s constant and Ĳ0 = 10-9 s. If the particle magnetic 
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moment reverse at times shorter than the experimental time scales, the system is in a 

superparamagnetic state, if not, it is in the so called blocked state. The temperature, which 

separates these two regimes, is called blocking temperature (TB) and measured through 

ZFC/FC set of measurement as mentioned before. In ZFC curve, the peak temperature is 

normally related to the blocking temperature TB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Nanoscale transitions of magnetic nanoparticles from ferromagnetism to 

superparamagnetism: energy diagram of magnetic nanoparticles with different magnetic spin alignment, 

showing ferromagnetism in a large particle (top) and superparamagnetism in a small nanoparticle 

(bottom).104

 

 

Further, as the particles size decreases, the fraction of atoms that lies near or on the surface 

increases, making the surface effect more and more important. It is estimated that in a 3 nm 

diameter nanoparticles 80% are surface atoms. Surface effects can also be observed not only in 

small particles, but also in larger particle systems, depending on the chemical composition of 

the nanoparticles and their crystalline state.108 The magnetocrystalline anisotropy reflects the 

symmetry of the neighbors of each atom. The large perturbations to the crystal symmetry at 

surfaces should lead to magnetocrystalline anisotropy of different magnitude and symmetry for 
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surface sites. In fact, surface anisotropy has a crystal-field nature and it comes from the 

symmetry breaking at the boundaries of the particle. Accordingly, the surface effects result 

from the breaking of symmetry of the lattice at the surface of the particles, which leads to site-

specific surface anisotropy of unidirectional character, from the broken exchange bonds.107,108 

Many of the systems that exhibit surface effects could be described by a core–shell model. This 

model considers each particle as a nanosystem composed of internal magnetic ordered core 

(with ferro- or antiferromagnetic ordering) that can be described by the Stoner-Wohlfarth 

relaxation model; and a disordered shell of spins, that interact among them and the particle 

core. For small nanoparticles, the surface effect must be considered to estimate the size 

dependence of the effective anisotropy. Usually, it has been considered as an effective 

anisotropy term given approximately by the following phenomenological expression:109            ۄ ۃ                                                            (2.26) 

Eq. 2.26 has been extensively applied in to take into account the effect of the surface on 

nanostructured systems, with rather good success in most of the cases. In fact, surface effects 

can be important even when dealing with larger particles, and a careful analysis is necessary to 

properly separate the effects of structural disorder, interparticle interactions and surface 

contributions. 
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Chapter ͵ 
Experimental Details 

3.1 Materials and Synthesis 

Bottom-up wet chemistry approach has been adopted throughout this work for the preparation 

of bifunctional nanomaterials. This procedure promotes the preparation of nanoparticles by 

assembling the individual atoms or molecules in the presence of stabilizer or protecting agents. 

They prevent the agglomeration of nanoparticles by either steric or electrostatic repulsion 

among nanoparticles, as agglomeration is a key issue in nano-regime. Several  chemical 

methods have been reported for the synthesis of nanomaterials via bottom-up approach, such as 

co-precipitation, thermal decomposition, hydrothermal and microemulsion etc.110–112 Wet 

chemical synthesis permits the manipulation of matter at the molecular level. Also, by 

understanding the relationship between how matter is assembled on an atomic and molecular 

level and the material‟s macroscopic properties, molecular synthetic chemistry can be designed 

to prepare novel starting components. Better control of particle size, shape, and size 

distribution can be achieved in particle synthesis. 

3.1.1. Chemicals: The commercially available chemical reagents have been used for the 

syntheses of nanomaterials in present work and are summarized in Table 3.1. All rare earth 

chlorides (RECl3∙6H2O; RE3+ = La3+, Ce3+, Gd3+, Eu3+, Tb3+, Yb3+, Er3+) were synthesized 

from their respective oxides by treatment with concentrated hydrochloric acid. 

 

Table 3.1: Commercially available chemicals used for synthesis 

  

 

 

 

 

 

 

Chemicals Comapany 

FeCl2⋅4H2O, FeCl3⋅6H2O, NH3∙H2O, Ethanol, Methanol, 

Acetone, Octanol, Isopropanol, Hydrogenperoxide, NaOH 

Synth 

Oleic acid, 1-Octadecene, Oleylamine, Toluene, Diethyline 

Glycol (DEG), Cetyltrimethylammonium Bromide (CTAB), 

Tetraethyl orthosilicate (TEOS), NH4F, HCl 

Sigma-Aldrich 

 

Zn(O2CCH3)2(H2O)2, Thioacetamide Alfa Aesar 

Rare Earth Oxides (99.99%) Rhodia 
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3.1.2 Synthesis 

Before discussing the synthesis procedures and protocols to prepare different bifunctional 

nanomaterials, it is important to understand the general synthesis procedure for hydro (solvo) 

thermal, microemulsion, co-precipitation method, polyol and microwave assisted approach to 

provide a better idea about the synthesis protocol. 

3.1.2.1 Hydro (solvo)thermal synthesis: The heterogeneous/homogeneous chemical reaction 

in water (hydro) or non-aqueous medium, under constant pressure and temperature is known as 

hydro (solvo) thermal synthesis (Figure 3.1 (a)). Usually reaction takes place in an autoclave (a 

sealed thick-walled steel vessel with teflon cup) at high temperature (150 to 220 0C) and high 

vapor pressure (> 1 bar), allowing subsequent growth of single crystals or crystallization of 

substances from the solution. By tuning the reaction conditions (temperature, pressure, pH, 

reaction timing etc.) and choosing a solvent (reaction medium) are the key issues to tune the 

size, shape, phase composition, crystallinity etc. of nanomaterials.112 The solvent selection 

varies from water to different organics depending upon the need and specification of reaction, 

although the water is still remained the most widely used solvent. In hydro (solvo) thermal 

synthesis, some organic additives or surfactants with specific functional groups e.g., oleic acid 

(OA), polyethylenimine (PEI), cetyltrimethylammonium bromide (CTAB) etc., are generally 

added along with the reaction precursors to achieve simultaneous control over the crystalline 

phases, sizes, and morphologies as well as the surface functional groups for the resulting 

nanoparticles. The broad range of nanomaterials can be synthesized with the hydro (solvo) 

thermal method, using optimized reaction conditions such as temperature, pressure, and pH. 

3.1.2.2 Micro-emulsion synthesis: A micro-emulsion is a thermodynamically stable 

dispersion of two immiscible liquids (e.g., water and oil) with the aid of surfactant. Small size 

droplets of one liquid are stabilized in the other liquid by an interfacial film of surfactant 

molecules. In the water-in-oil microemulsions, the aqueous phase forms droplets (~ 1-50 nm in 

diameter) in a continuous hydrocarbon phase. Consequently, this system can impose kinetic 

and thermodynamic constraints on particle formation, such as a nanoreactor. The surfactant-

stabilized nanoreactor provides a confinement that limits particle nucleation and growth. By 

mixing two identical water-in-oil emulsions containing the desired reactants, the droplets will 

collide, coalesce and split and induce the formation of precipitates (Figure 3.1b). Adding a 

solvent like ethanol to the microemulsion, allows extraction of the precipitate by filtering or 

centrifuging the mixture. The main advantage of the reverse micelle or emulsion method is 
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better control over nanoparticles size by varying the nature and amount of surfactant and co-

surfactant, the oil phase or the other reacting conditions. The working window for synthesis in 

micro-emulsions is usually quite narrow and the yield of nanoparticles is low compared to 

other methods, such as hydrothermal and co-precipitation methods. Furthermore, because large 

amounts of solvent are necessary to synthesize appreciable amounts of material, micro-

emulsion is not a very efficient process and is rather difficult to scale-up.113–115 

 

 

 

 

 

 

 

Figure 3.1: Schematic explanation of synthesis mechanism for the formation of nanoparticles by (a) 

hydrothermal and (b) micro-emulsion method.

 

3.1.2.3 Co-precipitation method: Generally, co-precipitation can be defined as “the 

simultaneous precipitation of more than one substances from homogeneous solution”, which 

results in formation of crystal structure of single phase (e.g., Fe3O4). The co-precipitation is 

probably the convenient and most efficient chemical pathway to synthesize broad range of 

nanomaterials including magnetic nanoparticles112,116–118 due to relatively mild reaction 

conditions, low cost of required equipment, simple protocols and short reaction time. 

Therefore, this method is not only a preferred route to synthesize magnetic iron-oxide 

nanoparticles, but it is also commonly used to prepare wide range of rare earth ions (RE3+) 

doped luminescent nanomaterials, such as alkaline-earth tungstate‟s: MWO4:RE3+ (M2+: Ca, Sr 

and Ba), rare earth fluorides: NaYF4:RE3+, LaF3:RE3+ etc. The great advantage of the co-

precipitation method is to obtain a large amount of nanoparticles. However, polydisperse and 

wide particle size distribution are usually obtained with this method due to the kinetic factors 
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that control the growth of the crystal. Generally, two processes are involved in the growth and 

formation of the particles: a rapid nucleation (aggregation of nanometric building blocks such 

as pre-nucleation clusters), which occurs when the concentration of the species reaches critical 

supersaturation. The other one is the slow growth of the nuclei by diffusion of the solutes to the 

surface of the crystal. Therefore, to produce monodisperse nanoparticles, controlling of these 

processes are very important. In a supersaturated solution when the nuclei form at the same 

time, subsequent growth of these nuclei results in the formation of particles with a very narrow 

size distribution. 

3.1.2.4 Polyol synthesis: Polyol synthesis (a special kind of sol-gel synthesis) is an excellent 

method for the synthesis of nanoparticles from metallic salts by using a poly-alcohol, which 

acts as amphiprotic solvents, as well as complexing, reducing and surfactant agents, depending 

on the studied system.119,120 The poly-alcohols used in this process are ethylene glycol (EG), 

diethylene glycol (DEG), 1,2-propanediol, tetraethylene glycol and glycerol. Owing to the high 

boiling point and high dielectric constant of these solvents, they offer a wide range of reaction 

temperature.119 

Hydrolysis and reduction reactions can be performed in these liquids, allowing the production 

of a wide variety of size and shape-controlled inorganic nanoparticles from nano to micro 

regime. In this method, the precursor compound is suspended in liquid polyol and heated to the 

boiling point of polyol at constant stirring. During this process, the precursor gets dissolved in 

the polyol leading to the formation of an intermediate followed by reduction to form 

nanoparticles.120 This method allows preparation of water based nanoparticles by coating 

hydrophilic polyol over the nanoparticles, producing particles with higher crystallinity that 

leads to a better saturation magnetization and narrow particle size distribution compared to the 

traditional methods. This process is heralded for its self-seeding mechanism and lack of 

required “hard” or “soft” templating materials, making it an ideal process for industrial scale-

up owing to the low cost of processing. 

3.1.2.5 Microwave assisted method: In recent years, microwave assisted synthesis method is 

widely used over conventional heating methods to produce nanomaterials with higher yield. 

Specially designed microwave synthesis reactor allows an exquisite control on reaction 

temperature, stirring rate and pressure inside the reaction vessel, which is the unique feature of 

microwave apparatus over conventional heating principles. The heating effect in the 

microwave arises from the interaction of the electric field component of the microwave with 
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charged particles in the material through both conduction and polarization. The use of 

microwave heating as a non-classical energy source has been shown to dramatically reduce 

reaction times, increase product yields and enhance purity or material properties compared to 

conventionally processed experiments. In conventional methods, heating chemical reactions 

have been achieved using mantles, oil baths, hot plates, reflux set-up where the highest reaction 

temperature achievable is dictated by the boiling point of the solvent used. This traditional 

form of heating is rather slow and has low efficiency for transferring energy to a reaction 

mixture as it depends on convective currents and on the thermal conductivity of various 

compounds or materials that have to be penetrated. This often results in the temperature of the 

reaction vessel being higher than that of the reaction solution. In contrast, microwave 

irradiation produces efficient volumetric heating by raising the temperature uniformly 

throughout the whole liquid volume by direct coupling of microwave energy to the molecules 

that are present in the reaction mixture. 

A single mode microwave reactor closed-vessel microwave synthesis, purchased from Synth-

wave has been utilzed in this work. It consists of  single reaction chamber (SRC) is a large, 

pressurized stainless steel reaction chamber into which all reactions mixture are placed and 

performed simultaneously. The pressurized chamber in SRC serves as the reaction vessel and 

the microwave cavity and the reaction vessel, enabling the intensity and distribution of the 

microwave energy to be optimized with the shape and size of the reaction vessel.121 There are 

several benefits using SRC. Some of them are: (i) it can run multiple parameters or reactions 

simultaneously; (ii) since all reactions are in the same vessel, nearly any reaction type can be 

processed simultaneously; (iii) large range of temperature and pressure; (iv) several 

stoichiometry combinations and element changes can be modified for inorganic hydrothermal 

syntheses in a single run, saving weeks of research labor; and (v) control of every reaction is 

made possible by direct pressure and temperature control. 

3.1.2.6 Silica coating over magnetic nanoparticles: Silica is the most common coating 

material for magnetic iron oxide nanoparticles. A silica shell not only prevent the aggregation, 

but can also prevents the direct contact of the magnetic core with additional agent linked to the 

surface of the silica thus prevent the unwanted interaction. For example, the direct attachment 

of the luminescence materials on the surface of magnetic nanoparticles reduces the 

luminescence properties. In order to deal with this issue, magnetic nanoparticles were first 

coated by silica and then luminescence materials were grafted on silica shell.116,118,122 Silica 

http://www.azom.com/ads/abmc.aspx?b=13743
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coated magnetic nanoparticles have advantages such as improved chemical stability, good 

biocompatibility, ease in surface modification and a controlled interparticle interaction through 

varying the thickness of the shell. In order to generate the magnetic silica sphere different 

processes have been explored such as Stöber process, sol-gel process and aerosol pyrolysis. 

Stöber process is a well-known process, in which silica is formed in-situ through the hydrolysis 

and condensation of a sol-gel precursor, such as tetraethyl orthosilicate (TEOS). The thickness 

of the silica shell can be tuned by varying the concentration of NH4OH and the ratio of TEOS 

to H2O. Furthermore, silica contains free silanol groups that can be subsequently reacted with 

additional appropriate functional groups through relevant salinization reactions. 

3.1.3 Material preparation protocols used in thesis 

3.1.3.1 Synthesis of LaF3:xCe3+,xGd3+,yEu3+ nanoparticles  

The polyol synthesis procedure27,115 based on mild temperature is described following with the 

protocol for 1 mol.% doped europium precursor and total 2.4381 mmol of RE precursors. 

Hexahydrate rare earth chlorides have been prepared by using rare earth oxides precursors 

given in the table 3.1, after treating them by HCl acid. These chloride precursors were used in 

synthesis. 2.170 mmol (0.767 g) of LaCl3∙6H2O, 0.1219 mmol (0.0453 g) of GdCl3∙6H2O, 

0.1219 mmol (0.053 g) of Ce(NO3)3∙6H2O and  0.0243 mmol (0.00893 g) of EuCl3∙6H2O were 

dissolved together in 25 mL of DEG in a three neck round-bottom flask under magnetic stirring 

and 10 mL oleic acid (OA) was added. The reaction mixture was heated at 115°C under stirring 

in a silicon oil bath until a clear solution was formed and the moisture in the solvent was 

allowed to evaporate by keeping the round bottomed flask open. Thereafter, the solution was 

cooled down near 70°C, by closing the round-bottom flask under continuous flow of N2, and a 

solution of 7.29 mmol (0.28 g) of NH4F in DEG (25 mL) was injected. The temperature of the 

reaction mixture was further increased to 215°C and vigorously stirred under the same 

temperature for 2 hours under refluxing conditions. Then, the obtained suspension was cooled 

to room temperature, diluted with 70 mL of methanol, stored overnight and the supernatant 

was decanted. The solid particles were further separated by centrifugation. To remove the 

residual DEG, the solid powders were dispersed in methanol three times, centrifuged, and dried 

in oven at 115°C to get 0.62 g powder product. Further, using the same procedure, 

nanomaterials with varying stoichiometric concentrations of Eu precursor (5, 10, and 15 

mol.%) were prepared. 
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3.1.3.2 Synthesis of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanocomposites 

The following three step synthesis procedure has been used to prepare green emitting magnetic 

optical nanocomposites.  The final product is synthesized using co-precipitation method. The 

stepwise approach to synthesize Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanocomposites 

is given in following steps: 

Step1: Iron-oxide nanoparticles by hydrothermal method - The hydrothermal method was 

used to prepare oleic acid coated magnetic core nanoparticles, according to the previous report 

published elsewhere.123,124 The 3.0 g (75 mmol) of NaOH and 30.0 g (95.4 mmol) of oleic acid 

(90 wt. %) were mixed in 40.0 mL of ethanol and stirred at room temperature till the formation 

of white viscous solution. Further, a dark brown color suspension was appeared immediately 

after pouring 60 mL aqueous solution of FeCl2⋅4H2O (0.1 mol L-1) into the above solution. 

This solution was vigorously stirred for 30 minutes and brown precipitate was formed. Then, 

the reaction mixture was transferred into a 150 mL autoclave. It was sealed and heated at 

180°C for 10 hours. After that the system was allowed to cool to room temperature. The 

product was collected at the bottom of the vessel and washed first with n-butanol and after by 

water and ethanol. The washed material was dried under reduced pressure in a vacuum 

desiccator.  

Step 2: Fe3O4/ZnS nanoparticles - In a typical procedure,125  0.3 g (1.29 mmol) of as 

prepared Fe3O4 nanoparticles were dispersed in 100 mL n-propanol by adding the solution of 

0.44 g (2.0 mmol) of Zn(O2CCH3)2(H2O)2 in 60 mL n-propanol. This reaction mixture was 

stirred at room temperature for 24 hours. Thereafter, 60 mL solution of 0.2 g (2.66 mmol) 

thioacetamide in milli-Q water was added dropwise in above solution. Simultaneously, the 

resulting solution was heated at 65°C under vigorous stirring for 5 hours. Then, the reaction 

mixture was cooled to room temperature and gently stirred for overnight. The solid product 

was collected by magnetic separation method and washed with water and ethanol for five times 

to remove the excess ZnS nanoparticles. Finally, it was dried under reduced pressure for 12 

hours and stored in a vacuum desiccator. 

Step 3: Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanocomposites - Fe3O4/ZnS@LaF3:RE3+ 

nanomaterials were prepared by chitosan assisted co-precipitation method through general 

procedure58 using specific amount of Fe3O4/ZnS nanoparticles as seeds and stoichiometric 

amounts of LaCl3∙6H2O, Ce(NO3)3∙6H2O, GdCl3∙6H2O and TbCl3∙6H2O precursors126. In this 

procedure, 0.1 g of Fe3O4/ZnS nanoparticles was dispersed in 20 mL milli-Q water through 
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ultra-sonication. Further, 4 mL (0.1 mol L-1) aqueous solution of CTAB was added in above 

mixture and stirred for 1 hour to obtain Fe3O4/ZnS@CTAB dispersion (solution A). Thereafter, 

0.4876 g (1.3792 mmol) LaCl3∙6H2O, 0.0302 g (0.0812 mmol) GdCl3∙6H2O, 0.0352 g (0.0812 

mmol) Ce(NO3)3∙6H2O and 0.0303 g (0.0812 mmol) TbCl3∙6H2O were dissolved together in 25 

mL solution of 0.2 g of chitosan in acetic acid/milli-Q water (5 v/v%) in a three neck round-

bottom flask under magnetic stirring. The pH of the solution was adjusted to 7 by drop-wise 

addition of NH3∙H2O (28 v/v%) (solution B). The 20 mL aqueous dispersion of 

Fe3O4/ZnS@CTAB (solution A) was directly added to solution B and stirred under continuous 

N2 atmosphere. The 15 mL aqueous NH4F solution (0.1802 g; 4.86 mmol) was injected slowly 

to the reaction mixture. Finally, it was heated at refluxing condition for 3 hours under 

continuous N2 flow. The brown color suspension was cooled to room temperature and the solid 

sample was separated from the aqueous suspension using magnetic separation. The collected 

solid material was washed with milli-Q water and methanol. The brown 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = y = 5 mol.%) was dried in a vacuum desiccator and 

heated in oven at 80oC. The other two bifunctional nanomaterials with concentration at x = 5; y 

= 10 and 15 mol.% were also prepared by same procedure by changing stoichiometric values. 

The products were found to be water dispersible. 

 

3.1.3.3. Synthesis of NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ nanomaterials 

The multistep synthesis procedure has been used to prepare up/down converting 

nanocomposites.  The final product was synthesized using microwave assisted thermolysis 

synthesis protocol (Figure 3.2). The stepwise protocols are given below: 

Step 1: NaGdF4:RE3+ - In the modified synthesis,127,128 0.90 mmol GdCl3
.6H2O, 0.05 mmol 

CeCl3
.7H2O, 0.05 mmol EuCl3

.6H2O was added into a solution containing 16 mL OA and 8 

mL of 1-ODE, and the mixture was left under stirring at ambient temperature for 30 minutes. 

This forms solution (A). Separately, 2.5 mmol NaOH were added to 15 mL methanol, followed 

by addition of 8 mL OA. The resultant solution was stirred for 20 minutes at room temperature. 

This forms solution (B). The two solutions (A + B) were finally mixed very quickly together, 

and stirred for additional 10 minutes. A third separate solution (C) obtained by mixing 4 mmol 

NH4F in 15 mL methanol was added to the above solution (A+B). This mixture (A+B+C) was 

transferred into a reaction vessel in a Synth‟s microwave reactor, with an output power of 1000 

W. The working cycle of the microwave reactor was set as (i) 3 minutes at 500C from room 
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temperature, (ii) 20 0C per minute rapid heating until 200 0C from 50oC, and (iii) 60 minutes at 

200 0C. The system was then allowed to cool down to room temperature, and the final material 

(NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+)) was washed sequentially with methanol and ethanol, and 

then dried in an oven at 50°C for 8 hours. Other samples (with dopants 20 mol.% Yb, 2 mol.% 

Er) were prepared similarly. 

Step 2: Iron-oxide nanoparticles - A chemical co-precipitation method was used to prepare 

iron-oxide (Fe3O4/Fe2O3), according to the procedure reported elsewhere.23,47 Solutions of 

FeCl2∙4H2O (1mol L-1, 50 mL) and FeCl3∙6H2O (2mol L-1, 50 mL) in milli-Q water were 

prepared separately and transferred together into a 250 mL three neck flask under N2gas flow 

and stirring. The reaction mixture was then heated at 500C and NH4OH was added drop-wise 

until pH reached 11, and the solution turned black, indicating the formation of iron oxide 

nanoparticles. The reaction mixture was heated at 800C for 1 hour. The black solid precipitate 

was isolated from the reaction mixture by magnetic separation, washed three times with milli-

Q water, dried in vacuum, and stored in a desiccator. 

Step 3: Iron-oxide/SiO2 nanoparticles - Iron-oxide/SiO2  nanoparticles were prepared using a 

modified microemulsion method.45,129 In a typical procedure, 50 mg of above prepared iron-

oxide nanoparticles were dispersed in 60 mL of n-hexane by sonication, and then were added 

15 mL of octanol as surfactant. The resulting solution was stirred at room temperature for 10 

minutes. Thereafter, 1.3 ml of 28 wt% NH4OH and 1 mL H2O was added to induce formation 

of a reverse microemulsion solution. After stirring for 30 minutes, 0.15 mL TEOS was added 

to the solution and stirred at 500 rpm at room temperature for 24 hours. The final product was 

isolated by centrifugation, washed with ethanol and water and dried under vacuum and stored 

in a desiccator for further use. 

Step 4: Iron-oxide/SiO2/NaGdF4:RE3+ - Iron-oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+ 

and Yb3+, Er3+) nanoparticles were synthesized by using 20 mg of iron-oxide/SiO2 nanoseeds 

dissolved in 7 mL of 1-ODE and the shell solution of NaGdF4:RE3+  (RE = Ce3+, Eu3+) was 

prepared as described above in step 1. Solution A and solution B were prepared and mixed. 

Further, the solution of iron-oxide/SiO2 seed was poured in above mixture of (A+B) solution 

slowly and stirred for 5 minutes at room temperature. Further, a separate solution C as 

described above was prepared and mixed in solution containing iron-oxide/silica and solution 

(A+B).  



55 

 

The mixture was transferred into the reaction vessel following exactly the same procedure as 

described for the preparation of NaGdF4:RE3+. The same procedure was applied to prepare 

other samples with dopants 20 mol.% Yb, 2 mol.% Er. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: (a) Shows temperature and time scheme adopted during synthesis; (b) displays the 
commercial Microwave instrument used for the synthesis available at Federal University of Maranhão.

 

3.2 Instrumental techniques 

The characterization of nanoparticles is necessary for establishing understanding and control of 

synthesis and their applications. The synthesized nanoparticles have been thoroughly 

characterized for their structural, optical and magnetic properties using different techniques 

and are given in the next sections.  

 

3.2.1 Powder X-Ray Diffraction (PXRD) 

X-ray diffraction (XRD) is a very important characterization tool to identify the 

crystallographic phase formation of any material.130 Since all the nanomaterials synthesized in 

the present thesis are in powder form, therefore a standard powder x-ray diffractogram has 

been utilized to determine the size, phase composition, crystal structure and crystallinity. XRD 

exploits the wave nature of electromagnetic radiation and as x-rays interact with a sample, they 

interfere with each other (Figure 3.3b). Most of the x-rays undergo destructive interference; 

however, the x-rays that interact with the sample at a specific angle șB undergo constructive 

interference, which results in a signal for that particular angle. The condition for the 
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constructive interference between the scattered x-ray is given by Bragg‟s condition131. 

Constructive interference of the x-ray from successive planes occurs when the path difference 

is an integral multiple of wavelength: 

nλ = 2dhkl sin șB;                                                                                                              (3.1) 

 where „dhkl‟ is the interplaner spacing and șB is the angle of incidence also known as the 

Bragg`s angle. The observed peaks correspond to basic Bragg‟s reflection belonging to a 

particular family of planes. For the XRD taken in the ș-2ș scan mode, a monochromatic beam 

of x-ray is incident on the material at an angle ș and the detector motion is coupled with the x-

ray source in such a way that it always makes an angle 2ș with the incident direction of the x-

ray beam. The resultant pattern can be plotted between the intensity and the 2ș. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Schematic showing (a) lattice fringes, (b) diffraction of X-ray from scattering centers 

(atoms) in the crystal, and (c) diagram of goniometer of Brucker‟s D8 Advance diffractometer. 

 

 

XRD investigations also provide additional valuable information on nanocrystals such as size, 

lattice strain, and morphology.  Appreciable line broadening in diffraction peaks typically 

indicates a decrease in the size of the particles. Scherrer‟s equation is usually applied to 

a) c) 

b) 
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estimate the average size of nanocrystals when the strain in crystallites is not taken into 

consideration.                                                                                                                                           (3.2) 

Here, k is the crystallite shape factor (0.89 for spherical nanoparticles), λ is the wavelength of 

the incident x-ray, ȕ is the corrected half width of the diffraction peak and ș is the diffraction 

angle. Note that the equation is only applicable to nanocrystals with a size less than 100 nm as 

the size-dependent line broadening is negligible when the size is over this threshold. 

Williamson–Hall theorem is required for the estimation of effective particle size and lattice 

strain when the lattice strain contributes to the effects of diffraction line broadening as well 

through relation:                                                                                                                                       (3.3) 

where D and Ș are the effective particle size and strain, respectively. The strain and effective 

size from nanocrystals are deduced from the slope and the intercept of a plot of 
         

against       . It should be noted that a number of factors, including doping, thermal annealing 

and shell-coating, can induce lattice strain in the nanosized crystals. 

 

Usually, Rietveld refinement technique is used for quantitative phase analysis of crystalline 

nanomaterials by refining neutron or X-ray diffraction patterns.132,133 A theoretical pattern is 

computed based on the crystal structure parameters of all phases in the material, parameters 

used to model peak shape for each phase, and instrument parameters (specimen height offset, 

for example). This theoretical pattern is refined until it best fits the measured pattern, using a 

least squares approach. The technique may be used to refine the crystal structure parameters in 

a single phase or simple mixture or to determine the mass fraction of each phase in a complex 

mixture. The Rietveld refinement requires detailed crystal structure information for all phases 

in the sample. The parameters include the space group and unit cell parameters and the position 

in the unit cell of all atoms in the phase. If any phase is not included in the refinement, the 

mass fraction results are biased even for the phases included. For this reason, use of the 

technique must be preceded by careful qualitative phase analysis. There are several programs 

available for Rietveld refinement such as Generalized Structure Analysis System (GSAS) and 

TOPAS.132,133Quantitative Phase Analysis (sometimes called also Standardless Phase Analysis, 
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Multiphase Rietveld Phase Quantification, Rietveld Quantitative Analysis or Rietveld XRD 

Quantification) relies on the simple relationship:        ሺ   ሻ    ∑    ሺ   ሻ                                                                                           (3.4) 

where W is the relative weight fraction of phase p in a mixture of n phases, and S, Z, M, and V 

are, respectively, the Rietveld scale factor, the number of formula units per cell, the mass of the 

formula unit (in atomic mass units) and the unit cell volume (in Å3). 

The analysis of the XRD pattern is of vital importance, as the lattice volume of a material is 

very sensitive to nanoparticle sizes, depending on which the character of a material changes 

drastically. For example, it has been reported that size reduction of nanoparticles leads to the 

broadening of Bragg peaks; in other instances, size reduction can lead to an entirely new 

crystallographic phase in the nanoform, which is completely different from their bulk 

counterpart. Anisotropic line broadening observed in the XRD characterization of 

nanomaterials can provide useful information on the morphology of the nanocrystals.  

Instrument - In the present work, two different PXRD instruments were used with Cu Kα1 

radiation ( = 1.5405 Å) operating in the range 100- 900 with a step size of Δ2ș = 0.02°. 

Bruker‟s D8 Advance diffractometer available in Federal University of Maranhão has been 

used to evaluate the crystal structure of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 

and 15 mol.%), NaGdF4:RE3+ and Fe3O4@SiO2@NaGdF4:RE3+, (RE = Ce, Eu and Yb, Er), 

whereas XRD data for triply doped LaF3:RE3+ were recorded on a Rigaku Miniflex II 

diffractometer in University of São Paulo, São Paulo. Further, the XRD patterns were analyzed 

by Rietveld refinement utilizing General Structure Analysis System (GSAS) and TOPAS 

software.132,133 

 

3.2.2 Transmission Electron Microscopy (TEM) 

TEM is a sole instrument capable of imaging inside of a specimen directly and at the atomic 

level.131 Recent advance TEM has the capability of analyzing the samples elemental 

distribution at the nanometer level.131 By using TEM, we can have following general 

information: (i) average size of the particles, (ii) element contrast between core-shell structure 

using High Resolution TEM, scanning TEM (STEM) and High Angle Annular Dark Field 

(HAADF) and (iii) elemental variance using energy dispersive spectroscopy (EDS) and 

electron energy loss spectroscopy (EELS).  
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3.2.2.1 TEM and STEM: TEM exploits three different interactions of electron beam specimen 

i.e., unscattered electrons (transmitted beam), elastically scattered electrons (diffracted beam) 

and inelastically scattered electrons. The intensity of transmitted electrons is inversely 

proportional to the specimen thickness. Areas of the specimen that are thicker will have fewer 

transmitted electrons and so will appear darker; conversely the thinner areas will appear lighter 

due to more transmission. The scattered part of the incident beam is transmitted through the 

remaining portions of the specimen. All incident electrons have the same energy and enter the 

specimen normal to its surface. All incidents that are scattered by the same atomic spacing will 

be scattered by the same angle. These scattered electrons can be collimated using magnetic 

lenses to form a pattern of spots, each spot corresponding to a specific atomic spacing (or 

plane). This pattern can then yield information about the orientation, atomic arrangements and 

crystal phases. Also, incident electrons can interact with the specimen inelastically and loose 

its energy during the interaction. These electrons are then transmitted through the rest of the 

specimen. 

Typically, a TEM consists of three stages of lensing (Figure 3.4). The stages are the condenser 

lenses, the objective lenses, and the projector lenses. The condenser lenses are responsible for 

primary beam formation, whilst the objective lenses focus the beam that comes through the 

sample itself (in STEM mode, there are also objective lenses above the sample to make the 

incident electron beam convergent). The projector lenses are used to expand the beam onto the 

phosphor screen or other imaging device, such as film. The magnification of the TEM is due to 

the ratio of the distances between the specimen and the objective lens' image plane. Additional 

quad or hexapole lenses allow for the correction of asymmetrical beam distortions, known as 

astigmatism. It is noted that TEM optical configurations differ significantly with 

implementation, with manufacturers using custom lens configurations, such as in spherical 

aberration corrected instruments or TEMs utilizing energy filtering to correct electron 

chromatic aberration. In a TEM, an electron gun, located at the top of it, emits the electrons by 

thermionic or field emission. These electrons travel through vacuum in the column of the 

microscope where electromagnetic lenses focus them into a very thin beam. The electron beam 

then travels through the specimen under study. At the bottom of the microscope, the image is 

formed on the image plane of objective lens from the unscattered electrons. Then, projector 

lenses form the images on a screen or charge coupled device (CCD) camera. 
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TEM can be used as a direct tool to reveal the morphology, and precise growth habits by 

screening morphology changes imaging. The diffraction contrast (brightness) from crystalline 

interfaces due to incident electron scattering difference often contains rows of one-dimensional 

bands or fringes, which can be used to examine the formation of nanoheterostructures.  Under a 

high resolution imaging mode, the crystallographic structures of nanocrystals, including 

crystalline defects and crystallite domains, can be inspected at an atomic level. Also, TEM 

provides imaging capability of selected area electron diffraction (SAED) on individual 

nanocrystals by taking advantage of electromagnetic lens and physical apertures. Phase-

specific patterns of dots in single crystal structures are observed in the SAED measurement of 

nanomaterials. Moreover, combining the results of HRTEM with SAED data performed on 

single nanocrystals can provide valuable information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Cross sectional view of column of TEM.  

 

 

STEM: Apart from high imaging resolution, STEM in a high angle annular dark field 

(HAADF) imaging mode is terrific techniques that can be used to distinguish the interfacial 



61 

 

region of a core-shell nanocomposite. This capability stems from the fact that heavy atoms tend 

to generate high angle scattered electrons and the contrast difference obtained by HAADF-

TEM imaging of different components in a nanocrystal is proportional to the square of Z (Z = 

atomic number). Different layers in a variety of core–shell or multilayer core–shell or 

composite nanoparticles have been characterized by the HAADF-STEM imaging technique. 

Despite a number of excellent capabilities, the STEM imaging technique has inherent 

limitations and problems, some of which are associated with the low thermal stability of 

nanomaterials such as lanthanide doped nanocrystals in response to electron beam irradiation. 

Notably, the scanning mode of STEM is attractive in analyzing the spatial distribution of 

elements in a nanocrystal and is given in the next section.  

3.2.2.2 Energy dispersive x-ray spectroscopy (EDS): EDS is an x-ray micro analytical 

technique that can provide information on the elemental composition of a sample upon 

bombarding of high energy electron beam by atomic and weight percent131 which is a separate 

merit to TEM imaging. When the sample is bombarded by the electron beam of the STEM, 

electrons are ejected from the atoms on the specimen surface. A resulting electron vacancy is 

filled by an electron from a higher shell and an x-ray is emitted to balance the energy 

difference between the two electrons. The x-ray detector measures the number of emitted x-

rays versus their energy. The energy of the x-ray is characteristic of the element from which 

the x-ray was emitted. A spectrum of the energy versus relative counts of the detected x-ray is 

obtained and evaluated for qualitative and quantitative determinations of the elements present. 

The energies of the characteristic x-rays allow the elements making up the nanomaterials 

sample to be identified, while the intensities of the x-ray peaks allow the quantification of 

dopant concentrations. EDS in line scanning mode is particularly useful in the characterization 

of core–shell nanoparticles. 

Instrument - TEM and EDS measurements were performed using the TEM-FEG (JEM 

2100F) at Laboratory of electronic microscopy (LME), LNNano-CNPEM, Brazil, for all the 

nanomaterials. The samples LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 and 15 mol%) were 

dissolved in isopropyl alcohol (IPA). For Fe3O4/ZnS@LaF3:RE3+; the samples were prepared 

by dissolving dry powders of Fe3O4 in toluene, Fe3O4/ZnS in IPA and Fe3O4/ZnS@LaF3:RE3+ 

in distilled water. NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+ and Eu3+) 

samples were prepared in IPA. Further, the samples were followed by ultrasonification for 15 

minutes. The dispersion of each sample was deposited drop wise on the 400 mesh copper grids 
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of with ultrathin carbon film with Lacey Carbon and dried in open atmosphere. The images 

were acquired with the sample on a single-tilt sample holder and a Gatan ES-500W TV 

camera. The EDS measurement of LaF3:xCe3+,xGd3+,yEu3+ was performed using TEM-FEG 

(JEM 2100F) in STEM mode. The EDS analysis of Fe3O4/ZnS@LaF3:RE3+ and NaGdF4:RE3+ 

and iron-oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+ and Eu3+) samples were done at newly 

installed state of art machine Titan at LNNano, CNPEM, Brazil.  

 

3.2.3 Fourier Transforms Infrared (FTIR) Spectroscopy 

FTIR is a technique which is used to determine the chemical functional groups in the sample. 

In IR spectroscopy, IR radiation is passed through a sample. Some of the infrared radiation is 

absorbed by the sample and some of it is passed through (transmitted). The resulting spectrum 

represents the molecular absorption and transmission creating a molecular fingerprint of the 

sample. Like a fingerprint no two unique molecular structures produce the same infrared 

spectrum. This makes infrared spectroscopy useful for several types of analyses. The block 

diagram of FTIR principle is summarized in Figure 3.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Schematic diagram of FTIR Spectrometer. 
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FTIR spectroscopy can also be applied to the characterization of inorganic coatings made of 

silicon oxide and carbon on the basis of their characteristic absorptions in the IR region. IR 

analysis can be utilized to understand abnormal indirect surface related properties of 

nanocrystals by monitoring the chemical reactions between the ligands. Although valuable for 

qualitative and structural analysis, the IR-based technique is seldom used for quantitative 

analysis of surface ligands on the nanocrystals, partly because it is difficult to obtain accuracy 

of intensity measurement. The IR technique is also insensitive to chemical environment, 

implying the difficulty in unraveling the origin of absorption peaks. 

Instrument-FTIR spectra were measured using KBr pellet method with a Bomem MB100 

FTIR from 400 to 4000 cm−1 available at the Analytical Center of the Federal University of 

Maranhão.  

 

3.2.4 DC magnetic measurements 

Superconducting Quantum Interference Devices (SQUID) are very sensitive magnetometers 

used to measure extremely small magnetic fields,134 based on superconducting loops 

containing Josephson junctions (Figure 3.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Schematic diagram of SQUID sensing device (left panel) and cross sectional schematic 

diagram of a simple SQUID magnetometer (right panel). 
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It is a very sensitive magnetometer capable of measuring extremely small magnetic fields 

typically of the order of 10-7 T. They are based on superconducting loops containing Josephson 

junctions. Noise levels in a SQUID are extremely low. A Josephson junction is made up of two 

superconductors, separated by an insulating layer so thin that electrons can pass through it. A 

SQUID consists of tiny loops of superconductors employing Josephson junctions to achieve 

superposition: each electron moves simultaneously in both directions. Because the current is 

moving in two opposite directions, the electrons have the ability to perform as qubits (that 

theoretically could be used to enable quantum computing). The direct current superconducting 

SQUID consists of two Josephson junctions connected in parallel. When the SQUID is biased 

with a current greater than the critical current, the voltage across the SQUID is modulated with 

the flux treading the SQUID at a period of one flux quantum, Φ0= h/2e. Therefore, SQUID is a 

flux-to-voltage transducer. This special flux-to-voltage characteristic has enabled researchers 

to use the device to detect small magnetic field, current, voltage, inductance and magnetic 

susceptibility. Low-Tc SQUID has been used in a wide range of applications. 

Instrument- The dc magnetic properties of the samples were studied using a Quantum Design, 

MPMS XL, SQUID magnetometer available at State University of Campinas and University of 

Brasilia, Brazil. The ZFC and FC magnetization versus temperature measurements were 

carried out as follows: the sample was first cooled down from 300 to 5 K (or 2 K) in a zero 

magnetic field, then a static magnetic field of 50 Oe was applied and the magnetization was 

measured increasing the temperature up to 300 K. Subsequently, the samples were cooled 

down to 5 K (or 2 K) under the same applied magnetic field (50 Oe) and the magnetization was 

measured while warming up the samples from 5 (or 2 K) to 300 K. The magnetization as a 

function of the applied field (M-H hysteresis loops) in a magnetic field of  7 T or 2 T was 

measured at 5 (or 2K) or 300 K. 

 

3.2.5 Photoluminescence (PL) Study 

PL is the spontaneous emission of light from a material under optical excitation.134 The 

excitation energy and intensity are chosen to probe different regions and excitation 

concentrations in the sample. PL investigations can be used to characterize a variety of material 

parameters and  provides electrical (as opposed to mechanical) characterization, and moreover 

it is a selective and extremely sensitive probe of discrete electronic states.135 Features of the 
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emission spectrum can be used to identify surface, interface, and impurity levels and to gauge 

alloy disorder and interface roughness. Under pulsed excitation, the transient PL intensity 

yields the lifetime of non-equilibrium interface and bulk states. Variation of the PL intensity 

under an applied bias can be used to map the electric field at the surface of a sample. In 

addition, thermally activated processes cause changes in PL intensity with temperature. PL 

analysis is non-destructive tool. Indeed, the technique requires very little sample manipulation 

or environmental control. Because the sample is excited optically, electrical contacts and 

junctions are unnecessary and high-resistivity materials pose no practical difficulty. The 

fundamental limitation of PL analysis is its reliance on radiative events. Materials with poor 

radiative efficiency, such as low-quality indirect band-gap semiconductors, are difficult to 

study via ordinary PL. Similarly, identification of impurity and defect states depends on their 

optical activity. Although PL is a very sensitive probe of radiative levels, one must rely on 

secondary evidence to study states that couple weakly with light. Photoluminescence proceeds 

via following three steps135:  

(i) Excitation: Excitation of electrons from lower energy state to higher energy state by 

absorption of energy from external sources, such as lasers, arc-discharge lamps and xenon 

lamp and in this process electron-hole pairs are created.  

(ii) Thermalization: Excited pairs relax towards quasi-thermal equilibrium distributions.  

(iii) Recombination: The energy can subsequently be released, in the form of a lower energy 

photon, when the electron falls back to the original ground state. This process can occur 

radiatively or non-radiatively. 

The most common starting point in the characterization of luminescent lanthanide systems is 

UV-visible-NIR electronic absorption spectroscopy. The UV-visible-NIR spectrum, in which 

absorption (or diffuse reflectance in optically opaque samples) is measured as a function of the 

wavelength of the incident light, is used to determine the wavelength (energy) and optical 

density (i.e., the molar absorbance) of the electronic absorption bands in the sample of interest. 

This information provides the basis on which luminescence spectral data acquisition is 

planned. Luminescence spectroscopy typically entails a number of different yet complementary 

experiments. The most common experiments employed to characterize luminescent systems 

are intensity versus wavelength (or energy) scans of: (i) the emission spectrum and/or (ii) the 

excitation spectrum using a continuous wave light source. If a pulsed light source and a time-

gated detection system are part of the instrumental arrangement, then luminescence lifetime 
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measurements (emission intensity versus time for a single excitation wavelength and at a single 

emission wavelength) are also possible. Similarly, if these time-resolved instrumental 

components are available, it is also common to measure and compare time-resolved emission 

and excitation scans to those collected with a continuous light source. Each of these basic 

experiments is described with examples below. This suite of experiments establishes the 

required instrumental hardware and configurations to perform these investigations. 

3.2.5.1 Luminescence emission spectra: In the emission spectral mode the wavelength of the 

exciting light (λex) is selected to coincide with an electronic absorption band in the sample and 

is held constant at this wavelength. The emission spectrum is generated by measuring the 

intensity of the emitted light as a function of wavelength. Most commonly the spectral range 

for an emission spectrum is chosen to begin at a wavelength longer than the excitation 

wavelength and to extend to even longer wavelengths to cover the region in which emission 

from the excited state(s) of the luminescent lanthanide are anticipated. Its value is same as 

emission spectral data at multiple excitation wavelengths corresponding to differing optical 

absorption bands in the sample to evaluate the degree of electronic coupling between the 

differing electronic excited states. In particular case of rare earth spectroscopy, the excitation 

wavelength could coincide with: (i) direct population of the emissive f-f manifold; (ii) higher 

lying states derived from the f-electronic configuration; (iii) charge-transfer states; and/or (iv) 

ligand localized states.  

Commonly the measured intensity in an emission spectral band as a function of the excitation 

wavelength should correlate with the magnitude of the absorbance in the optical absorption 

spectrum at the excitation wavelengths indicating that there is good electronic communication 

among the different states in the excited state manifold(s). Conversely, if a relatively more 

intense absorption band gives rise to an emission spectrum that is weaker than one obtained by 

exciting into a less strongly absorbing band, this suggests that the more strongly absorbing 

excited state is not strongly coupled to the emissive excited state. This can happen, for 

example, when systems of lanthanides contain multiple discrete chromophores that are either 

spatially or electronically isolated from each other. 

3.2.5.2 Luminescence excitation spectra: In an excitation spectrum a single emission 

detection wavelength (λem) is chosen that coincides with an observed band in the emission 

spectrum. The excitation source is then scanned through the wavelength region in which the 

sample absorbs light, and the intensity of emission at the single selected wavelength is 
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recorded versus the excitation wavelength. The wavelength range of the excitation spectrum is 

typically chosen to begin at the short wavelength end of the instrument‟s capability and extend 

to a wavelength just short of that of the emission band being monitored. The excitation 

spectrum is analogous to a UV-visible-NIR absorption spectrum, but instead of measuring the 

diminution in transmitted light as the samples absorbs energy, the excitation spectrum 

measures the light given off from an emissive excited state. Thus, the excitation spectrum not 

only maps out the electronic absorption bands in the sample, but through relative intensity 

variations as noted above between the absorption spectrum and the excitation spectrum, it also 

provides information about the extent to which the higher lying, absorbing excited states are 

coupled to the emissive excited state(s). The acquisition of an excitation spectrum requires a 

tunable broadband light source such as an arc lamp or flash lamp. Further, because excitation 

sources typically have a variable intensity output versus wavelength, it is essential that the 

excitation spectrum be corrected for this intensity variation so that any observed peak intensity 

variations in the excitation spectrum reflect effects intrinsic to the electronic excited state 

processes in the sample and not simple instrumental factors attributable to source intensity 

variations. This correction is most easily and commonly done by diverting a very small fraction 

of the excitation source intensity (using a simple beam splitter such as a glass slide) onto an 

ancillary detector. The output from this ancillary detector, which corresponds to the intensity 

spectrum of the source, is then used to normalize the emission intensity signal from the sample. 

3.2.5.3 Luminescence lifetime measurements: Luminescence lifetime measurements are an 

essential ingredient in characterizing the luminescence properties of lanthanide ions. They 

form the basis for a number of analytically important determinations regarding electronic 

structure and coordination environment in lanthanide systems including quantum yields for 

radiative and nonradiative transitions (chapter 2), estimation of the number of coordinated 

water molecules and other ligands, and enumeration of multiple structurally distinct emissive 

species in complex samples. Lifetime measurements require a pulsed excitation source such as 

a flash lamp or pulsed laser with a pulse duration that is sufficiently short to enable 

discrimination of the light emitted from the sample from that due to the excitation source itself. 

In practice, with commercially available sources, the pulse duration ranges from the micro 

second regime for flash lamps to the picoseconds regime for pulsed laser sources, while 

measured lanthanide luminescence lifetimes in the range from milliseconds to nanoseconds are 

common. The actual experiment typically entails the use of an excitation wavelength (λex) that 
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corresponds to an electronic absorption band in the sample of interest. The decay in the 

intensity of the emitted light is measured as a function of time from arrival of the light pulse on 

the sample to generate the emission decay curve. In most cases, the emitted light is dispersed 

and the wavelength selected to coincide with a specific band in the emission spectrum (λem). 

For a pure single emissive species the decay in luminescence intensity I(t) should follow 

simple first-order exponential decay kinetics, described by equation  ሺ ሻ       ሺ    ሻ                                                                                                               (3.5) 

Ĳ is the measured luminescence lifetime and I0 is the intensity at t = 0. In general the emission 

decay curves are analyzed according to this model to extract the measured lifetime values. 

Deviations from this simple, single-exponential decay behavior then reflect the presence of 

multiple emissive species in the sample, sample inhomogeneity, and/or more complex excited 

state decay processes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Schematic instrumental setup of a PL experiment. 
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The schematic representation of spectrofluorimeter can be seen in Figure 3.7. The light from an 

excitation source passes through a monochromator, and strikes the sample. A proportion of the 

incident light is absorbed by the sample and some of the molecules in the sample fluorescence. 

The fluorescent light is emitted in all directions. Some of this fluorescent light passes through a 

second monochromator and reaches a detector, which is usually placed at 90° to the incident 

light beam to minimize the risk of transmitted or reflected incident light reaching the detector. 

Various light sources may be used as excitation sources, including lasers, photodiodes and 

lamps (Xenon arcs and mercury-vapor lamps). 

Instrument- The excitation and emission spectra of all the samples were recorded with a 

Horiba`s Nanolog UV-Vis-NIR spectrofluorometer, by using a 450 W Xenon lamp and an 

external laser source of 980 nm as an excitation source, connected to a Spectracq2 data 

acquisition module. The measurements were performed at University of São Paulo, SP and 

Federal University of Alagoas, Maceió, AL. All spectra were recorded for the dried powders 

and automatically corrected for the instrumental and photomultiplier (PMT) response. The 

entire luminescence setup was fully controlled by a DM3000F spectroscopic computer 

program. In order to describe the dynamics of the emitted wavelengths, time-resolved 

spectroscopy was carried out using the same equipment using a pulsed lamp (Xenon flash tube) 

mode and an external laser source of 980 nm for NIR region. Data Station v3.1 software was 

used to collect the time decay spectra and further to process the experimental traces. As 

detectors, two Hamamatsu photomultiplier tubes (PMT) were used: the R928P PMT, to 

measure the visible and NIR bands, and the R5509-73 PMT, cooled with liquid nitrogen, for 

the IR measurements. 

CIE chromaticity: The Commission International de l‟Eclairage (CIE) is defined as a standard 

system for color representation. The CIE system characterizes colors by a luminance parameter 

Y and two color coordinates x and y which specify the point on the chromaticity diagram. This 

system offers precision in color measurement because the parameters are based on the spectral 

power distribution (SPD) of the light emitted from a colored object and are factored by 

sensitivity curves which have been measured for the human eye. 

 

3.2.6 X-ray Absorption Spectroscopy (XAS)  

XAS is a core-level spectroscopy and refers to the details of how x-rays are absorbed by an 

atom at energies near and above its core level binding energies. Thus, it provides sensitivity to 
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a specific chemical element by tuning the x-rays to the resonance energy of the core to valence 

transition. The absorbing process is illustrated in Figure 3.8a. An x-ray photon strikes the 

absorbing atom (in pink) and disappears. Whenever the energy of an x-ray is greater than the 

binding energy of one of the absorbing atom‟s core electrons, a photoelectron is emitted. 

Depending on the energy of the incident x-ray photon, different processes occur. If the binding 

energy (ionization potential E0) of certain electron in the absorbing atom is equal to the x-ray 

photon energy E, there is a sharp increase in the absorption cross-section, called absorbing 

edge, corresponding to an emission of the photoelectron to the continuum states, as indicated in 

Figure 3.8b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: (a) Schematics of the x-ray absorption process.136 An absorbing atom (pink) is shown here 

surrounded by several other atoms (blue). (b) Energy level diagrams of an absorbing atom showing the 

atom‟s first few core electron orbitals: 1s, 2s, 2p1/2, and 2p3/2 (c) XAFS spectrum recorded at the Pt L3 

edge for a Pt foil at 300 K. The main regions of the spectrum are depicted. The background function µ 0, 

and the measured jump at the absorption at the threshold energy E0, µ0, are also shown.
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With the absorption of a photon of energy, the electron undergoes a transition to an unbound 

state in the continuum and, by conservation of energy, acquires a kinetic energy (E-E0). The 

absorption edges are named according to the principle quantum number of the electron that is 

excited, i.e., K, L, M, N, O refers to n = 1, 2, 3, 4, 5, respectively. The subscript 1, 2, 3, 4, 5, 6, 

7, corresponds to the electronic orbital shells as s1/2, p1/2, p3/2, d3/2, d5/2, f5/2, f7/2, respectively. 

The energies at which edges appear are unique for each element, which is the key for its 

element selectivity nature. Figure 3.8(c) shows the spectrum for a Pt foil measured at the Pt L3 

edge, which corresponds to p3/25d transitions. 

X-rays have energies ranging from less than 1 keV to greater than 100 keV. Hard x-rays are the 

highest energy x-rays, while the lower energy ones are referred to as soft x-rays, with the 

boundary between both regions being around 2-3 keV. Soft x-rays cover the 3d transition metal 

L2,3 (2p3d), 4d and 5d transition metal M2,3 (3pd), and lanthanide M2,3 (3p5d) and M4,5 

(3d4 f ) edges. Hard x-rays cover the 3d and 4d transition metal K (1sp), 4d and 5d 

transition metal and lanthanide L2, 3 (2pd) edges. Intense absorption jumps at the edge are 

known as „white lines‟, which refers to the sharp lines observed on photographic plates used in 

the early days of x-ray spectroscopy. 

XAS can be detected in transmission, fluorescence, or electron yield mode.  Each of these 

methods is suited to different sample types.  Transmission mode is traditionally used for the 

analysis of thin layers of solid samples, or solvated analyte in solution.  For thicker samples, 

fluorescent photons are measured from the relaxation of the excited atom after 

photoionization.  To analyze surface species, detection of the Auger electron is especially 

useful. 

Instrument- The XAS across Eu M-edges were collected for the LaF3:xCe3+,xGd3+,yEu3+ (x = 

5; y = 1, 5, 10 and 15 mol.%) samples along with reference compound Eu2O3. The 

measurements were performed at soft x-ray absorption spectroscopy (SXAS) beam line BL-01, 

at Indus-2, RRCAT, Indore, India in total electron yield (TEY) mode. BL-01 operates in the 

energy range 100-1200 eV. 

 

3.2.7 Electron Paramagnetic Resonance (EPR) 

EPR is a spectroscopic technique that detects species that have unpaired electrons.137 

Surprisingly a large number of materials have unpaired electrons. These include free radicals, 
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many transition metal ions, and defects in materials. Free electrons are often short-lived, but 

still play crucial roles in many processes such as photosynthesis, oxidation, catalysis, and 

polymerization reactions.  EPR spectroscopy is similar to any other technique that depends on 

the absorption of electromagnetic radiation138. A molecule or atom has discrete (or separate) 

states, each with a corresponding energy. This difference in energy can be measured according 

to Planck‟s law “ΔE = hν,”where h is Planck's constant and v is the frequency of the radiation. 

The absorption of energy causes a transition from a lower energy state to a higher energy state. 

It differs in EPR measurement, which uses high frequencies lying in microwave region (X-

Band, GHz range). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9: (a) Shows a free and unpaired electron in space; (b) shows minimum and maximum spin 
orientations of  ̅ with respect to the magnetic field B0; (c) explains the introduction of spin state 
energies as a function of magnetic field B0; (d) relates spin-orbit interaction; and (e) displays the 
prototype EPR experiment.  

 

The energy differences studied in EPR spectroscopy are predominately due to the interaction of 

unpaired electrons in the sample with a magnetic field produced by a magnet in the laboratory. 

This effect is called the Zeeman Effect. The two states are labeled by the projection of the 

electron spin, ms, on the direction of the magnetic field. Because the electron is a spin ½ 

particle, the parallel state is designated as ms = -1/2 and the antiparallel state is ms = +1/2 

(a) 
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(c) (c) 

(d) 

(e) 
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(Figure 3.9b and c).  The energy of each orientation is the product of µ and B0. For an electron 

µ = msgeȕ, where ȕ is a conversion constant called the Bohr magneton and ge is the 

spectroscopic g-factor of the free electron and equals 2.0023192778 (≈ 2.00). Therefore, the 

energies for an electron with ms = +1/2 and ms = -1/2 are, respectively, given by 

E1/2 = ½ geȕB0 and E-1/2 = - ½ geȕB0                                                                                      (3.6) 

As a result there are two energy levels for the electron in a magnetic field. When we take an 

electron in space with no outside forces on it and place it on to a molecule, its total angular 

momentum changes because, in addition to the intrinsic spin angular momentum ( ̅), it also 

possesses some orbital angular momentum ( ). An electron with orbital angular momentum is 

in effect a circulating current, and so there is also a magnetic moment arising from the orbital 

angular momentum. These two magnetic moments interact, and the energy of this spin orbit 

interaction depends on their relative orientations. 

Electron in space-   ̅        ̅                                                                                                                                   (3.7) 

And electron in a molecule-  ̅        ̅    ̅.                                                                                                                          (3.8) 

In general, the orbital angular momentum is approximately zero for an electron in the ground 

state (s electron).  Interaction between the ground state and excited states, however, admixes 

small amounts of orbital angular momentum to the ground state: spin-orbit coupling 

contribution. It gives rise to  ̅         ̅                                    . Usually the spin-

orbit coupling term is proportional to ( ̅),which means we can simply combine both terms on 

the right and just change the value of ge to g, or  ̅         ̅andΔE = gȕB0                                                                                                            (3.9) 

The magnitude of the spin-orbit coupling contribution depends on the size of the nucleus 

containing the unpaired electron. Therefore, the g factors of much larger elements, such as 

metals, may be significantly different from ge. The value of g can be taken as a fingerprint of 

the molecule. In an EPR spectrometer, a paramagnetic sample is placed in a large uniform 

magnetic field which, as shown above, splits the energy levels of the ground state by an 

amount ΔE where, 

ΔE = gȕB0  = hν                                                                                                                    (3.10) 

Since ȕ is a constant and the magnitude of B0 can be measured, all we have to do to calculate g 
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is determine the value of ΔE, the energy between the two spin levels. This is done by 

irradiating the sample with microwaves with a set frequency and sweeping the magnetic field 

(Figure 3.9e). The whole process can be summarized in following way. Initially, there will be 

more electrons in the lower energy level (i.e., parallel to the field) than in the upper level 

(antiparallel). A fixed frequency of microwave irradiation is used to excite some of the 

electrons in the lower energy level to the upper energy level. In order for the transition to 

occur, the external magnetic field at a specific strength should be applied, such that the energy 

level separation between the lower and upper states is exactly matched by applied microwave 

frequency. In order to achieve this condition, the external magnet‟s field is swept 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 

Figure 3.9, c and e. 

Instrument- EPR spectra were recorded on JEOL JES-X-320 operating at X-band frequency 

(~ 9.1 GHz), equipped with a variable temperature control ES 13060DVT5 apparatus or a ES-

CT470/AT Liquid Helium Variable Temperature System, and were performed on the powder 

samples. The cavity Q quality factor was kept above 6500 in all measurements, and highly-

pure quartz tubes were employed (Suprasil, Wilmad, ≤ 0.5 OD). The measurements were done 

at Regional Centre for Advanced Technologies and Materials, Palacky University, Czech 

Republic. 
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Chapter Ͷ  
Tuned photoluminescence and Magnetic 
Investigation of Ternary doped LaF͵ 

 

 

 

 

 

 

 

 
 
 
 
Color tuning (marked as A, B, C, and D) dependence on ratio of Eu2+/Eu3+ ions in ultrasmall 
LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 and 15 mol. %) nanoparticles  and the excitation/emission spectrum 
for the greatest achieved emission quantum efficiency (~ 85%) of Eu3+ (y = 10 mol.%). 

 
Luminescence tunable multicolored LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10, and 15 mol.%) nanoparticles 

have been synthesized via a low cost polyol method. Powder x-ray diffraction and high resolution transmission 

electron microscopy studies confirm the hexagonal phase of the LaF3:xCe3+,xGd3+,yEu3+ nanophosphors with 

average sizes (oval shape) ranging from 5 to 7 nm. Energy dispersive x-ray spectroscopy analyses show the 

uniform distribution of Ce3+, Gd3+, and Eu3+ dopants in the LaF3 host matrix. The photoluminescence spectra and 

electron paramagnetic resonance measurements guarantee the presence of Eu2+, corroborated through dc 

susceptibility measurements of the samples displaying paramagnetic behavior at 300 K, whereas weak 

ferromagnetic ordering is shown at 2 K. The nonradiative energy transfer processes from the 4f(2F5/2)-5d state 

(Ce3+) to the intraconfigurational 4f excited levels of rare earth ions and simultaneous emissions in the visible 

region from the 4f65d1 (Eu2+) and 5D0 (Eu3+) emitting levels, leading to overlapped broad and narrow emission 

bands, have been proclaimed. The energy transfer mechanism proposes involvement of the Gd3+ ion sub-lattice as 

the bridge and finally trapping by Eu2+/3+, upon excitation of the Ce3+ ion. The calculation of experimental 

intensity parameters (2,4) has been discussed and the highest emission quantum efficiency (Ș = 85%) of the Eu3+ 

ion for the y = 10 mol.% sample is reported. The advantageous existence of the Eu2+/Eu3+ ratio along with 

variously doped nanomaterials described in this work, results in tunable emission color in the blue-white-red 

regions, highlighting the potential application of the samples in solid-state lighting devices, scintillation devices, 

and multiplex detection. 
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4.1 Introduction 

Optical materials containing rare earth halides have been used extensively in a variety of 

industrial/electronic and medically oriented applications. The technological implementation of 

rare earth based materials can be found in biomedical probes,139 in cathode ray tubes,140 

radiation scintillations devices,70,72,126,141 back-light unit (BLU) displays,142 in tunable 

lasers,143,144 in photo-conversion molecular devices145 and in MRI agents.146 So far, highly 

studied systems tailored for optical uses are based on the LaX3 (X = F, Br, Cl) inorganic 

matrices.60,147–151 Materials formed by La3+ ion as the sole rare earth element are not 

straightforwardly used; the reasoning stems from the fact that La3+ is optically inactive, having 

the frontier 4f orbitals completely filled.64,150,152–154 However, the benefit of using La3+ 

inorganic matrices (hexagonal LaF3) resides in the structural flexibility, a key factor that allows 

within the synthetic assembly to easily host in the matrix diverse type of dopants, especially 

other rare earth ions (RE3+). In La-RE doped materials, the optical properties become strongly 

dependent on the type/s of dopant/s and the optical performances can be tailored to convert via 

a multi-photon processes high energy photons (UV, x-ray, gamma ray)126,155,156 and low energy 

photons (near-infrared-NIR) to output light that falls in the visible region.152,157–159 Moreover, 

depending on the chemical nature and relative amount of the dopant used, the nanostructured 

material can feature low phonon energy (350 cm-1),149 minimal quenching,72,160 low refractive 

index,158 high ionicity,161 wide band gap,162,163 adequate thermal and environmental stability 

along with large solid/liquid solubility.149 All these properties generate easily processable 

materials for industrial applications. One type of rare earth element often added to the La3+ 

matrix is the Ce3+ ion. Cerium imprints exceptional photoemission efficiency and coherency,164 

high energy resolution potential with fast response scan,165 large stokes shift,166 and broad 

emission bands.167 Binary or even ternary doped materials have also been synthesized in a way 

to further enhance the absorption cross-section of the rare earth ions.168 In these 

nanocomposites, the multicolor emission via up/down conversion are achieved by (i) selected 

combination of the dopants (e.g., sensitizers as Ce3+, Yb3+ and activators as Eu3+, Tb3+ or Er3+), 

(ii) the doping percentage of RE3+ ions, and (iii) the careful control of the structure 

(lattice/symmetry organization) emerging from the synthetic process.9,169–171 The emission of 

lanthanide ions ranges from the UV to IR region of the electromagnetic spectra. For example, 

Eu3+ ion displays red sharp emission from 4f6-4f6 transitions and is used as an activator.81 The 
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allowed magnetic dipole 5D07F1 transition has its intensity almost unaffected by symmetry 

variation. Due to forced electric dipole from the 5D07F2 hypersensitive transition, Eu3+ is 

considered one of the best spectroscopic probes. The 5D07F2 transition is responsible for 

change in optical intensity of the system and depends on the symmetry of the chemical 

environment around the ion.81 The comparison in intensity between these two transitions 

(5D07F1 and 5D07F2) reveals the symmetry of charge distribution around the Eu3+ ion. 

During doping processes, Eu3+ ion can partially reduce to Eu2+. When present, the parity 

allowed electric dipole 4f7→ 4f65d1 transition gives broad band and highly intense 

luminescence of Eu2+ in absorption as well in emission.167,172 The Gd3+ (4f7) ion displays 

ultraviolet emission having large energy gap (> 32000 cm−1) between the ground (8S7/2) and 

first excited (6P7/2) energy levels and can be employed as an intermediate sub-lattice to convert 

more high energetic photons (UV) to the visible region,173–175 i.e., it favors energy transfer 

processes from sensitizer cations (e.g., Ce3+/Eu2+) to activator cations such as Eu3+, Dy3+, Tb3+, 

Yb3+, Sm3+.80,147 Therefore, by selecting Ce3+, Eu3+, Gd3+ with the coexistence of Eu2+ in LaF3 

host lattice,72,165 the so formed triply doped hybrid can, in principle, provide access to flexible 

color tuning through excitation of Ce3+, Eu3+ and Eu2+.169,176,177 

In this chapter, we illustrate the synthesis and properties of novel multicolor triply doped oleic 

acid coated LaF3:xCe3+,xGd3+,yEu2+/3+ (x = 5; y = 1, 5, 10 and 15 mol.%) nanoparticles. The 

presence of Eu2+ ions, due to auto-reduction of Eu3+ ions in diethylglycol (DEG), was validated 

by photoluminescence (PL) spectra and electron paramagnetic resonance (EPR). We found that 

the color tuning was easily achieved in these nanoparticles, from the blue-white to red region 

of the visible spectrum, and the phenomenon was correlated with the doping concentration of 

Eu3+ and the ratio Eu3+/Eu2+. We describe in detail the nanoparticles structure, morphologies, 

optical and magnetic properties, showing the true potential of these types of triply doped 

nanomaterials to be employed in a variety of applications, from multiplex detection, solid state 

lighting to scintillating devices. 

4.2 Experimental Section 

4.2.1 Synthesis: A detailed synthesis has been explained in the section 3.1.3.1 of chapter 3. 

The following schematic diagram (Figure 4.1) explains the synthesis procedure. Four samples 

were prepared namely, LaF3:xCe3+,xGd3+,yEu2+/3+ (x = 5; y = 1, 5, 10 and 15 mol.%) by 

varying concentration of Eu precursors.  
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4.2.2. Instrumentation: The presence of oleic acid coating and organics was confirmed by 

Fourier transform infrared (FTIR) spectroscopy The phase structure of the synthesized 

materials was determined by powder x-ray diffraction and General Structure Analysis System 

(GSAS)  program was used to perform Rietveld refinement.178 The morphology and elemental 

analysis were analyzed by transmission electron microscopy (TEM), scanning TEM (STEM) 

and energy-dispersive x-ray spectroscopy (EDS). The excitation and emission spectra of the 

LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 1, 5, 10 and 15 mol.%) nanoparticles and luminescence 

decay profiles for Eu3+ were measured. The dc magnetic studies were carried out with field 

range +/-7 T and temperatures from 2 to 300 K. Electronic paramagnetic resonance (EPR) 

spectra were recorded to confirm existence of rare earth ions. Complete experimental details 

have been provided in chapter 3.2. 

 

 

 

 

Figure 4.1: Schematic of synthesis of LaF3:xCe3+, xGd3+,yEu3+ (x = 5; y = 1, 5, 10 and 15 mol.%) 

nanoparticles.

 

 

4.3 Result and Discussion 

4.3.1 Determination of the phase, structure and morphologies 

4.3.1.1 Fourier transfer infrared (FTIR) spectroscopy: FTIR was used as an effective probe 

to validate the presence of the oleic acid (OA) acting as a canopy for the nanoparticle 

surfaces.179,180 The observed spectra for the variously doped systems are collected together in 

Figure 4.2. The broad and intensive band corresponding to the O-H stretching (υ) vibrations 

(asymmetric υas and symmetric υs) is observed around 3400 cm-1 in all systems together with 

the additional characteristic O-H deformation (ı) around 1640 cm-1. These signatures 

correspond to the adsorbed water molecules.179 The absorption bands   2930 and 1390 cm-1 are 

attributed to the C-H group. The two bands at 2922 and 2856 cm–1 are assigned to the CH2 

asymmetric and symmetric stretching vibration, respectively. These fingerprints clearly reveal 
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the presence of organic surfactant on the surfaces of LaF3:xCe3+,xGd3+,yEu3+ nanoparticles. 

Furthermore, two absorption peaks around 1582 and 1546 cm–1 are the characteristic 

asymmetric (COO-) and symmetric (COO-) stretching modes, respectively. Below 1300 cm-1, 

the absorption bands developing around 721 cm-1 highlight the presence of the (CH2)n (n ≥ 4) 

alkyl chains.155 Finally, the strong absorption at 1710 cm-1 is attributed to the stretching 

vibrations of the C=O group. Therefore, taken these fingerprints all together, indicated that the 

oleic acid is not physically adsorbed on the surface of the nanoparticle but rather 

chemisorbed.155    

 

 

 

 

 

 

 

 

 

 

Figure 4.2: FTIR spectra of LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 and 15 mol.%) nanomaterials.

 

4.3.1.2 Powder x-ray diffraction (PXRD): PXRD measurements were performed for better 

evaluating the structural organization of the various LaF3:xCe3+,xGd3+,yEu3+ nanoparticles. We 

found that all diffraction peaks emerging in the diffraction spectra matched well with the ICDD 

PDF no. 01- 076-0510 (Figure 4.3). The Rietveld analysis suggested the formation of 

hexagonal structure (P63/mmc) of nanoparticles, and main peak is indexed against plane (101). 

All PXRD patterns show broadening suggesting ultrasmall formation of nanoparticles. A small 

peak shifting is due to substitution effect of La ions by ionic doping, with different intrinsic 
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ionic volumes; and surface effects such as the crystalline lattice relaxation effect at the 

interface, following the Vegard’s Law.147. It indicates that the Ce3+, Gd3+ and Eu3+ ions were 

well incorporated in the LaF3 lattice. Further, Rietveld refinement for these samples suggested 

anisotropic elongation in crystallite size observed along [110] direction. Lattice parameters, 

volumes, crystallite size and strain, calculated from Rietveld refinement have been tabulated in 

the Tables 4.1 and 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: PXRD patterns of LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 and 15 mol.%) 

nanoparticles and their corresponding Rietveld analyses. 

 

Table 4.1:  Anisotropic crystallite size and microstrain analyses in LaF3:xCe3+,xGd3+,yEu3+. 

 

 

 

 

 

 

 

 

Samples 

LaF3:xCe3+,xGd3+,yEu3+ 

Crystallite size d (nm) 

    to [110]           to [110] 

Strain  

(%) 

(x = 5, y =1 mol.%) 8.22 3.43 0.94 

(x = 5, y =5 mol.%) 12.1 5.36 0.80 

(x = 5, y =10 mol.%) 8.96 8.77 0.57 

(x = 5, y =15 mol.%) 13.3 6.78 0.65 
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Table 4.2: Lattice parameters (a, c), volume (V), Rwp, and chi-square (χ2) 

 

 

 

 

 

 

 

 

 

4.3.1.3 Transmission electron microscopy (TEM): The morphology and size distribution of 

LaF3:xCe3+,xGd3+,yEu3+ (x = y= 5 and 15 mol.%) nanoparticles are shown by HRTEM images 

illustrated in Figure 4.4 (a, b) (LaF3:xCe3+,xGd3+,yEu3+ with x = y = 5 mol.%) and Figure 4.4 

(d, e) (LaF3:xCe3+,xGd3+,yEu3+ with x = 5, y = 15 mol.%). Ovoid shape like nanoparticles for 

both samples were observed in STEM and HRTEM modes, with an average size of 6.1 ± 1.4 

nm (Figure 4.4 (b, c)) for the former and 7.1 ± 1.1 nm (Figure 4.4 (e, f)) for the latter, which 

agree with PXRD. Selected area electron diffraction (SAED) patterns showed the diffraction of 

crystallographic planes with d-spacings of the hexagonal crystalline structure, according to the 

ICDD PDF no. 01-076-0510 (Figure 4.5). The Fast Fourier Transform (FFT) analyses show the 

hexagonal structure of LaF3 along the [100] and near the [211] zone axis, with presence of the 

( ̅30), ( ̅20) and (110) planes (inset, Figure 4.4b) and (1 ̅0), (0 ̅1) and (1 ̅ ̅) planes (inset, 

Figure 4.4e), respectively. 

The elemental maps distribution for the LaF3:xCe3+,xGd3+,yEu3+ (x = y = 5 and 15 mol.%) 

samples is shown in Figure 4.5. The top of the Figure 4.5 shows the EDS layered images of 

samples, and the bottom, its respective SAED patterns, highlighting three major 

crystallographic planes.EDS mappings for LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 15 mol.%) 

sample have been acquired by focusing electron beam on agglomerated particles (Figure 4.6). 

The element selective scanning confirmed the existence of La, F, Ce, Gd and Eu elements. 

Tables 4.3 show the average % elemental composition measured at different spots of the 

samples LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 5 and 15 mol.%). 

 

Samples 

LaF3:xCe3+,xGd3+,yEu3+ 

Lattice Parameters (Å) 

  a  =  b                   c 

Volume 

V (Å3) 

Rwp 

(%) 

χ2 

(x = 5, y =1 mol.%) 4.133 (3) 7.323 (6) 108.3 (2) 8.45 1.56 

(x = 5, y =5 mol.%) 4.135 (3) 7.332 (5) 108.6 (2) 9.12 1.22 

(x = 5, y =10 mol.%) 4.126 (3) 7.313 (5) 107.8 (2) 10.01 1.14 

(x = 5, y =15 mol.%) 4.122 (3) 7.304 (5) 107.5 (2) 10.33 1.28 
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Figure 4.4: (a, d) HAADF), (b, e) HRTEM images, and (c, f) particle size distribution obtained from 

TEM analysis for LaF3:xCe3+,xGd3+,yEu3+ (x = y =5 and 15 mol.%), respectively. Panel (b and e) show 

the inset region of the images analyzed by applying Fast Fourier Transforms (FFT), confirming 

hexagonal structure of highlighted nanoparticles along the [001] and near the [211] zone axis.

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Merged chemical maps distribution of elements and selected area electron diffraction 

patterns for LaF3:xCe3+,xGd3+,yEu3+(x = y = 5 mol.%) (a-top/a-bottom) and (x = 5; y = 15 mol.%) (b-

top/b-bottom) samples. 
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Figure 4.6: High angle annular dark field (HAADF) image and EDS elemental mappings, acquired in 

the JEM-2100F microscope, showing the homogeneous and uniform distribution La, F, Ce, Gd and Eu 

elements in sample of LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 15 mol.%) nanocomposite. Scale bar = 100 

nm.

 

 

Table 4.3: Chemical distribution of LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 5 and 15 mol.%) 

samples. 

 

 

Spectrum 1 

(y = 5 mol.%) 

Spectrum 2 

(y = 5 mol.%) 

Spectrum 3 

(y =  5 mol/%) 

Spectrum 4 

(y = 15 mol.%) 

Spectrum 5 

(y = 15 mol.%) 

Element Wt% 

Wt% 

Sigma Wt% 

Wt% 

Sigma 

Wt

% 

Wt% 

Sigma Wt% 

Wt% 

Sigma Wt% 

Wt% 

Sigma 

F 31.62 0.33 30.45 0.31 32.43 0.33 15.36 0.28 31.07 0.58 

La 58.5 0.42 59.15 0.41 57.55 0.42 60.87 0.55 51.76  0.72 

Ce 3.52 0.35 3.12 0.35 3.36 0.35 3.6 0.44 3.48 0.59 

Eu 3.48 0.25 3.83 0.24 3.96 0.27 15.19 0.40 10.42 0.52 

Gd 2.88 0.24 3.45 0.23 2.71 0.25 4.99 0.36 3.30 0.48 
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4.3.1.4 X-ray absorption spectroscopy (XAS): XAS across Eu M-edges were collected for all 

the samples along with reference compound Eu2O3 at soft X-ray absorption spectroscopy 

(SXAS) beam line of RRCAT, India. The detail of the experiment is explained in chapter 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: The Eu-M5,4 X-ray absorption spectra of all the samples LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 

1, 5, 10 and 15 mol.%) along with reference Eu2O3 spectrum (Eu3+). The spectra were divided by their 

respective maxima and vertically shifted to enhance direct comparison.

 

 

This technique has been employed to determine more thoroughly the valence state of Eu 

cations as well as to study the local geometrical structure. Figure 4.7 shows the Eu M5,4 edge 

XAS of all doped samples, along with  the reference compound, Eu2O3. These spectra show 

two clear features marked as M5 and M4, signatures that arise to spin-orbit splitting. For a 

symmetrical molecule, XAS is dominated by dipolar transitions. The M5 fingerprint is 

associated to transitions from 3d5/2 to 4f states, while M4 arises from 3d3/2 to 4f states. The 

dotted line in Figure 4.7 shows the expected 3d5/2 to 4f transition peak position for Eu2+ cation, 

which falls around 2 eV. These results indicate that all the investigated samples certainly 

possess Eu in (3+) valence state, but remains unclear the presence of Eu2+, because only 
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shoulders around 1128 eV were detected. Stronger evidences of the presence of Eu2+ cations in 

the samples emerged indeed from analysis of the photoluminescence spectra. 

 

4.3.2 Photoluminescence Investigation 

The excitation spectra (Figure 4.8a and 4.8b) of the LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 

10 and 15 mol.%) nanophosphors were recorded at 300 K in spectral range of 200-550 nm, 

under the emission monitored at 617 nm, assigned to the 5D07F2 hypersensitive transition of 

the Eu3+ ion. These spectra contain overlapped broad absorption bands centered at 260 nm and 

335 nm, which are assigned to the 4f(2F5/2)5d and 4f7(8S7/2)4f65d1 interconfigurational 

transitions of the Ce3+ and Eu2+ ions, respectively (Figure 4.8b). In addition, narrow absorption 

lines have also been observed that are assigned to the intraconfigurational 4f  transitions, 

originating from the 7F0 ground state to the following excited states of Eu3+ ion: 5D4 (361 

nm), 5L7 (374 nm), 5L6 (394 nm), 5D2 (464 nm) and 5D1 (525 nm).81 However, the 

intensities of the broad absorption bands are comparably higher than those of the 4f–4f narrow 

lines (Figure 4.8a). The results indicate that the indirect excitation process of the Eu3+ ion via 

4f(2F5/2)5d and 4f7(8S7/2)4f65d1 interconfigurational transitions of the Ce3+ and Eu2+ ions, 

respectively, is less operative than under direct 4f6-4f6 transitions of the Eu3+ ion in the 

nanophosphors.176,167 

The emission spectra (Figure 4.8c and 4.8d) of the LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 

and 15 mol.%) nanophosphors were recorded at 300 K in the range from  290-750 nm, under 

excitation monitored at 4f(2F5/2)5d (260 nm) along the interconfigurational transitions of the 

Ce3+ ion. All of these spectra exhibit narrow emission bands assigned to 5D07FJ transitions 

(where J = 1, 2, 3, 4), with the 5D07F2 hypersensitive one (617 nm) for the LaF3: 

xCe3+,xGd3+,yEu3+ nanophosphors (Figure 4.8d). Additionally, the emission spectra of these 

nanomaterials show broad emission band from the 4f65d14f7 interconfigurational transition 

of the Eu2+ ion, suggesting that Ce3+ (luminescence sensitizer) ions have transferred energy to 

Eu2+ ions (luminescence activator).167 A further confirmation for the existence of Eu2+ ions is 

obtained from EPR and magnetic susceptibility measurements and the details are given in the 

later section. Two main features observed in the emission spectra of LaF3:xCe3+,xGd3+,yEu3+ 

(x = 5; y = 1, 5, 10 and 15 mol.%) nanophosphors are most notable. The first one is the 

practically negligible intensity of the 5D07F0 transition, when it is allowed by symmetry, it 
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“borrows intensity” mainly from the 5D07F2 transition through the J-mixing effect.174 The 

second feature is the lower or weak intensity of the 5D07F2 transition when compared to the 
5D07F1 transition intensity. These findings suggest that the Eu3+ ion may occupy high 

symmetry site (D3h) in LaF3 matrix, or distorted high symmetry corroborated through XRD 

analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.8: Luminescence spectra of the LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 1, 5, 10 and 15 mol.%) 

nanophosphors, recorded at 300 K: (a) excitation spectra, monitoring emission at 617 nm assigned to 

the 5D07F2 hypersensitive transition of the Eu3+ ion; (b) excitation spectra in the range 200-270 nm, 

showing the transition 4f(2F5/2)5d interconfigurational transitions of the Ce3+ ion; (c) amplified 

emission range for Ce3+ and Gd3+ ions;  (d) emission spectra under excitation at 260 nm which 

corresponds to the 4f(2F5/2)5d interconfigurational transition of the Ce3+ion. 
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However, the weak intensity of the 5D07F2 transition might be due to the low polarizability 

of the fluoride ligand for the LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 1, 5, 10 and 15 mol.%)  

nanophosphors.  This transition is always weak for compounds with fluoride ligands such as 

Eu3+ doped lanthanum fluoride, and is independent of the shape and symmetry of the 

coordination polyhedron. This typical feature of fluoride ligands might be due to their low 

polarizability.81 

4.3.2.1 Calculation of Judd-Ofelt parameters: In order to interpret this result further and to 

probe the local chemical environment of the Eu3+ ion, the experimental intensity parameters Ωλ 

(λ = 2 and 4) have been determined for the LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 1, 5, 10 and 15 

mol.%) nanoparticles from their emission data recorded at 300 K. The Ωλ (Judd-Ofelt) 

parameters, are determined by the intensities of the 5D07FJ transitions (J = 2 and 4) of the 

Eu3+ ion, and the forced electric dipole and dynamic coupling mechanisms are considered 

simultaneously. Under normal excitation conditions, the emission intensities (I) of the bands 

may be given by the expression:145 𝐴         𝐴                                                                                                      (4.1) 

where, ħω0 is the energy of the transition (in cm-1), N0 is the population of the emitting 5D0 

level and A0J are the coefficients of spontaneous emission. For the experimental 

determination of the A0J emission coefficients from the emission spectra the special character 

of the magnetic dipole allowed 5D07F1 transition was exploited. This 4f-4f transition is 

formally insensitive to the chemical environment around the Eu3+ ion and consequently, can be 

used as a reference.145 The values of Ωλ are obtained from equation 4.2 as follow: 
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where,      ሺ     ሻ   is the Lorentz local field correction and    is the refractive index of the 

medium (n0 assumed to be equal to 1.6).179 The squared reduced matrix elements 
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coefficients of spontaneous emission (𝐴   ) are then obtained from equation 4.3: 
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where, the S0J factors correspond to the integrated area under the curve related to the 
5D0→7FJ transition and 0J are the energy barycenters of the transitions. The emission 

quantum efficiency () of the emitting 5D0 level is determined according to the equation 4.4:47 

rad

rad nrad

Aη =
A + A                                                                                        (4.4) 

The total decay rate corresponds to,                   , where     ( ∑ 𝐴    ) and       are the total radiative and nonradiative rates, respectively. 

 

 

Table 4.4: Experimental intensity parameters (Ωλ), lifetimes Ĳ (Figure 4.11, given later), 

emission coefficient rates Arad and Anrad as well as emission quantum efficiencies  for the 

LaF3:xCe3+,xGd3+,yEu3+ nanophosphors. 

Materials 

LaF3:xCe3+,xGd3+,yEu3+ 

Ω2 

  (10-20 

cm2) 

Ω4 

      (10-20 

cm2) 

Arad 

(s-1) 

Anrad 

(s-1) 

Atot 

(s-1) 

 

(ms) 

 

(%) 

x = 5; y = 1 mol%         2.1 2.9 158 51 209 4.77 75 

x = 5; y = 5 mol% 2.1 3.2 165 43 208 4.80 79 

x = 5; y = 10 mol% 2.7 3.7 191 32 223 4.48 85 

x = 5; y = 15 mol% 2.1 3.5 169 81 250 4.00 67 

 

 

On the basis of theoretical considerations,81 the Ω2 intensity parameter is by far mostly 

influenced by small angular changes in the local coordination geometry, while Ω4 and mainly 

Ω6 are by far the most sensitive to lanthanide-ligating atom bond distances.47 This fact together 

with changes in the ligating atoms polarizabilities () have been used to rationalize the 

hypersensitive character of certain 4f intraconfigurational transitions to changes in the 

chemical environment. The fact that the Ω2 and Ω4 experimental parameters of all the 

LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 1, 5, 10 and 15 mol.%) nanophosphors (Table 4.4) have 

quite similar values with each other, is an indication of similar chemical environments and 

bond distances around the Eu3+ ion. However, the lower values of the Ω2 experimental 
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intensity parameter of all the LaF3:xCe3+,xGd3+,yEu3+ nanophosphors (Table 4.4) reflect the 

lower intensity of the 5D07F2 transition in these nanomaterials when compared to the 
5D07F1 transition intensity.81,181 

The considerably high values of the emission quantum efficiency of the 5D0 level for the 

LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5 and 10 mol.%) nanophosphors (η = 75, 79 and 85%) 

are usually consistent with the LaF3 matrix that shows relatively low phonon cutoff energy, 

reflecting from the considerably low nonradiative (Anrad = 51, 43 and 32 s-1) contribution to the 

total decay rate (Table 4.4). The emission quantum efficiency of these nanophosphors was 

increased from η = 75 to η = 85 % as the concentration of the dopant Eu3+ ion was increased 

from 1 to 10 mol.%, respectively. However, the emission quantum efficiency was further 

decreased to η = 67%, as the concentration of the dopant Eu3+ ion was increased to 15 mol. %. 

This result may be attributed to the increased lattice distortion around Eu3+ ion and more defect 

state, leading to higher nonradiative decay rate (Anrad = 81 s-1). Nevertheless, these 

nanophosphors yield efficient luminescence intensity and show multicolor emission, indicating 

they may be good candidates for the solid state lighting e.g., white light emitting diodes 

(WLEDs). 

The presence of the emission bands assigned to the rare earth dopants, namely Ce, Gd and Eu 

ions, with excitation at 260 nm assigned as 4f(2F5/2)5d interconfigurational transitions of 

Ce3+ suggests clear evidence of nonradiative energy transfer from 6P7/2 (Gd3+), 

4f7(8S7/2)4f65d1 (Eu2+) and 5D0 (Eu3+) emitter states (Figure 4.8c and Figure 4.8d). This 

energy transfer process is due to the fact that the energy level structures of these RE ions 

exhibit very similar emitter levels, within only a few hundred cm-1 (see Figure 4.9). 

4.3.2.2 Energy transfer mechanism: A simplified energy transfer process (Figure 4.9) for 

these nanophosphors can be described as follows: (i) a strong absorption from the 2F5/2 ground 

state to the 5d excited state of the Ce3+ ion leading to a weak emission from 5d to 2F5/2 states; 

(ii) nonradiative energy transfer pathway from the 5d state of the cerium ion to 6I7/2 excited 

state of the Gd3+ ion that decays nonradiatively to 6P7/2 emitting level resulting weak UV 

emission assigned to the 6P7/28S7/2 transition;  (iii) a probable weak absorption from the 8S7/2 

ground state to the 4f65d14f7  excited state of the Eu2+ ion leading to a emission from 5d to 
8S7/2 states and energy transfer to 5D0 energy level of Eu3+ through nonradiative decay process; 

and (iv) a direct energy transfer from the 5d (Ce3+) and 6P7/2 (Gd3+) states to the 4f-4f 
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intraconfigurational excited states of the Eu3+ and Eu2+  ions. In this energy transfer process, 

the Gd3+ ion provides another energy transfer pathway between sensitizer (Ce3+) and activator 

(Eu3+) ions along with Eu2+. Further, a close energy level of excited states of Ce3+, Gd3+ and 

Eu2+ may produce inter-energy circulation (see, Figure 4.9). However, the high intensity white-

blue-red emission lines are seen due to co-existence of Eu2+ and Eu3+ in different ratios of 

Eu2+/Eu3+ in all samples.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Proposed energy transfer mechanism in triply doped multicolor tuned 

LaF3:xCe3+,xGd3+,yEu2+/3+ (x = 5; y = 1, 5, 10 and 15 mol.%) nanophosphors. 

 

4.3.2.3 Time decay analysis: The lifetime values (Ĳ) of the emitting 5D0 level of Eu3+ ions 

were determined from the luminescence decay curves of the nanophosphors, which were 

measured at 300 K by monitoring emission at 617 nm of the 5D47F2 transition of Eu3+ ion 

and excitation at 260 nm of Ce3+ ion (Figure 4.10). By fitting the curves with exponential 

function of  ሺ ሻ         ሺ   ⁄ ሻ, it displays mono exponential decay behavior. The lifetime of 



91 

 

long lived component is relatively long as for Eu3+ luminescence, maximum 15 ms.172 The 

lifetime coming from Eu3+ ions present on the surface of the nanoparticles is 4.77, 4.80, 4.48, 

and 4.00 ms for  LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 1, 5, 10 and 15 mol.%), respectively 

(Figure 4.10). As the concentration is increased from 10 mol.% to 15 mol.% of Eu ions in 

matrix LaF3, quenching of luminescence was observed probably due to cross relaxation 

mechanism. Since there exists Eu2+ ion due to reduction of Eu3+ ions and duration of Eu2+ 

luminescence is usually 0.2 to 2 microseconds.176  It was undetectable over the luminescence 

decay curves recorded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Normalized luminescence decay curves of the LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 

10 and 15 mol.%) nanophosphors, monitoring excitation at 260 nm corresponding to the 4f(2F5/2)5d 

interconfigurational transition of the Ce3+ ion and emission at 617 nm, assigned to the 5D47F2 

transition of Eu3+ ion. 

 

 

In general, the existence of Eu2+ ions in the structure force creation of the fluorine vacancies 

may result in shortening Eu3+ lifetimes as the local environment of these ions is more distorted 
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and defected. Direct interaction between Eu2+ and Eu3+ ions usually results in the quenching of 

Eu2+ emission because of energy transfer between these ions.176 The cross relaxation 

mechanism due to Eu3+ ions may occur as following:  

Eu3+ (5D1) + Eu3+ (7F0)  Eu3+ (5D0) + Eu3+ (7F3). 

4.3.2.4 CIE chromaticity diagram: The emission color of green emitting nanomaterials 

evaluated by Commission Internationale de l'éclairage -CIE chromaticity diagram, is presented 

in Figure 4.11. The overall emission color is expressed according to (x, y) CIE color 

coordinates, which are marked as A(0.2433, 0.3638), B(0.3715, 0.3160), C(0.4234, 0.3240) 

and D(0.3640, 0.2764), respectively for samples LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 

and 15 mol%). Upon increasing the concentration of Eu precursor, observed shifting of color is 

caused by the self-reduction of Eu3+ into Eu2+ in improper ratio. From blue-green region to 

white to red region shifting is due to increasing dominancy of Eu3+ ions which is corroborated 

through efficiency given in Table 4.4. The dramatic color change in sample 

LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 15 mol) is due to lowering in efficiency of Eu3+ and 

probably lower ratio of Eu3+/Eu2+.  

 

 

 

 

 

 

 

 

 

Figure 4.11: The CIE chromaticity diagram of tuned color LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 

and 15 mol.%) nanophosphors. Photographs of (inset), taken by a digital camera, display the blue-

white-red under UV irradiation lamp at 254 and 365 nm.

 

LaF3:xCe3+,xGd3+,yEu3+ 
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D 
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4.3.3. Magnetic Properties 

The magnetic properties of LaF3: xCe3+,xGd3+,yEu3+ (x = 5 mol.%; y = 1, 5, 10, 15 mol.%) 

samples were measured as a function of applied field (± 7 T) (Figure 4.12). The result showed 

a linear correlation with the magnetization value in range of 0.40-0.56 emu/g at 7 T and 

suggests a paramagnetic nature of nanoparticles at 300 K. The host matrix (LaF3) is 

diamagnetic in nature.  The paramagnetic property is originated mainly due to intrinsic 

magnetic moment of Ce3+, Gd3+ and Eu2/3+ ions having non-interacting and localized nature. 

This characteristic should help the samples to act as multifunctional materials that combine the 

benefit of multicolor fluorescent probe and probable MRI contrast agents.152,182 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Magnetization as a function of magnetic field for LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 

10 and 15 mol.%) samples at 300 and 2 K.

 

From Figure 4.12, it can be observed that nanoluminophores display a paramagnetic nature. 

Whereas the luminophores at 2K show non-zero hysteretic magnetic curves with a 

magnetization values of  ~ 9 emu/g. The increase in magnetic susceptibility at low temperature 

might be due to reduction in thermal fluctuation, which is a typical behavior in paramagnetic 

materials described by Curie‟s Law.173 The inorganic compounds containing Gd atoms usually 

show paramagnetic properties.147,173 The seven unpaired electrons in inner 4f subshells of Gd3+ 

ions are tightly bounded to the nucleus and shielded by the outer closed shell 5d16s2 electrons 

from the crystal fields. These are responsible for the magnetic characteristic of the Gd3+ ions. 
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The magnetic moment related to Gd3+ ions are all localized and non-interacting, which led to 

paramagnetism of Gd3+ ions. Hence the prepared material LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 

1, 5, 10, 15 mol.%) not only exhibit luminescence properties but also show magnetic 

properties. 

The dc susceptibility (   ) as a function of the temperature (T) was obtained in a field of H = 1 

kOe for all the investigated samples (Figure 4.13). A typical paramagnetic behavior can be 

seen for all the LaF3:xCe3+,xGd3+,yEu3+(x = 5; y = 1, 5, 10, 15 mol.%)  samples. The thermal 

dependence of the susceptibility can be simulated by the Curie–Weiss law given by:                                                                                                                                    (4.5) 

where    represents any temperature independent contribution, ș is the Curie–Weiss 

temperature, C is the Curie constant which is given by 

C = Nµeff
2/3kB,                                                                                                                         (4.6) 

N is the number of doped rare earth ions, µeff is their effective magnetic moment, which is 

given by:  

µeff = 2µB[J(J + 1)]1/2,                                                                                                            (4.7) 

where J is the total angular momentum quantum number of RE3+ ions, and µB is the Bohr 

magneton.173,183 Various magnetic parameters are calculated and summarized in Table 4.5. It is 

observed that Curie-Weiss temperature is very small and having negative values. These values 

suggest that the dopants (Ce3+, Gd3+ Eu2+ and Eu3+) ions show weak ferromagnetic behavior at 

low temperature. The positive value of    could be assigned to other temperature independent 

contributions. 

Since LaF3 is a diamagnetic host matrix and concentration of doped ions of Ce and Gd atoms 

are here fixed, the only expected effects for the witnessed changes in the magnetic 

susceptibility can be ascribed to the presence of Eu2+ and Eu3+ ions. However, the theoretical 

magnetic moment for Eu3+ is zero and, hence, the presence of Eu2+ is the key factor that drives 

the observed modifications of the magnetic responses.184,185 The co-existence of Eu2/3+ is not 

uniform in all the samples, however XAS and PL data suggest that upon increasing the 

concentration of Eu dopant, a decrease the ratio of Eu2+/Eu3+ ions in the samples is induced (x 

= 5 mol.%; y = 1, 5, 10 mol.%). This effect leads to a small decrease of the Curie constant, as 

shown in Table 4.5, upon taking into accounts other effects due to the diamagnetic 

contributions of LaF3 along with the van Vleck paramagnetic for Gd3+.176  
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Figure 4.13: The dc magnetic susceptibility measurement performed from 2-300 K for all samples 

LaF3:xCe3+,xGd3+,yEu3+(x = 5 mol.%; y = 1, 5, 10, 15 mol.%) in a magnetic field of 1kOe. Inset in 

Figure shows the inverse susceptibility versus temperature plot.

 

Table 4.5: List of parameters obtained from experimental dc susceptibility versus temperature 

curves along with Curie–Weiss fitting. 

 

 

 

 

 

 

 

 

 

The paramagnetic behavior observed at 300 K in all the samples is mainly due to Eu2+ and 

Gd3+, which are responsible for the deviation of magnetization as a function of temperature 

M(T) manifested as an upward bending of magnetization curves at low temperature. This 

Eu 

content 

(mol%) 

    (emu/gOe) C (emu K/gOe) Θ (K) 

Value 

(x10-6) 

Error 

(x10-8) 

Value 

(x10-4) 

Error 

(x10-6) 

Value 

(x10-1) 

Error 

(x10-2) 

1 0.30 1.87 17.0 0.878 -0.19 0.12 

5 1.57 2.90 16.0 1.365 -0.53 0.19 

10 2.22 2.93 16.3 1.374 -0.29 0.19 

15 3.41 3.52 15.9 1.657 -049 0.24 
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property could also indicate the presence of a magnetically ordered component embedded in 

the LaF3 matrix, with exchange coupled Eu magnetic moments that emerge in the low 

temperature region.176 

 

4.3.4 Electronic paramagnetic resonance (EPR) 

The X-band (9.1 GHz) EPR spectra of the powder LaF3:xCe3+, xGd3+, yEu3+ (x = 5; y = 1, 5, 

10 and 15 mol.%) samples are shown together in Figure 4.14. Irrespective of the probed 

temperature (Figure 4.14a, T= 300 K; Figure 4.14b, T = 10 K) the overall resonances are 

dominated by a strong and broad derivative line centered at g ~ 2 (Bpp 60-74 mT). 

 

Figure 4.14: The X-band (~9.1 GHz) EPR spectra of LaF3:xCe3+,xGd3+,yEu3+ (x = 5; y = 1, 5, 10 and 

15 mol.%) samples recorded at T = 300 K (a) and T = 10 K (b). Experimental conditions for panel (a) 

and panel (b), 100 kHz modulation frequency, 1.0 mT of modulation amplitude, 0.03 s of time constant, 

30 minutes sweep time. Applied microwave power was 2.6 mW for the traces recorded in panel (a) and 

0.1 mW for those shown in panel (b).

 

 

At high temperature, additional EPR resonances are clearly visible at low field (g = 6.50) and 

high field (g = 0.72). All features appear to increase in intensity upon increasing the effective 

Eu2+/3+ doping. Upon lowering the temperature down to 10 K, additional weak resonances 

emerge in the low field regions of the spectra, and those are evidenced by stars placed along 

the EPR lines in Figure 4.14b. While the g = 6.50 and g 2 components remained well 

resolved, the high field component becomes undetectable in all the samples. 
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The EPR spectra of LaF3:xCe3+, xGd3+, yEu3+ (x = 5; y = 1, 5, 10 and 15 mol.%) are 

interpreted as being dominated by resonances arising from both Gd and Eu cations. The Ce3+ 

ion, with its 4f1 spin configuration, is expected to show very weak EPR features that become 

here indiscernible and small g values (g << 2.0023). The trivalent Gd3+ with the free-ion S7/2 

ground state is known to exhibit relatively long relaxation time and similarly behaves the Eu2+ 

cation with pure S7/2 state.81,186 Gd3+ and Eu2+ are Kramer rare earth ions that express features 

observable by X-band EPR even at room temperature, thus, the recorded fingerprints validate 

the existence of Eu2+ ions in the powder samples, in agreement with PL data. 

4.4 Conclusion 

In this chapter, the polyol synthesis of triply doped LaF3 along with in-depth investigation of 

energy transfer mechanism, photoluminescence and magnetic characteristics have been 

described. The three step single synthesis allowed obtaining ultrasmall and oleic acid coated 

nanoparticles, with structural organization confirmed via FTIR, PXRD, HRTEM and EDS 

mappings. The existence of Eu2+ cation along with Eu3+ ions was due to the partial reduction of 

Eu3+ cations in diethylene glycol (DEG) and had an advantageous impact on the emission 

property of LaF3:xCe3+,xGd3+,yEu3+ nanomaterials. The presence of Eu2+ cations on the 

increasingly doped system, LaF3:xCe3+,xGd3+,yEu3+, had a profound effect on the witnessed 

color of the fluoride luminescence, which spread from blue-white to red as a result of the band 

4f65d1/4f7 transitions of Eu2+. The Judd-Ofelt parameters were fully calculated and showed the 

greatest efficiency (85%) of the LaF3:xCe3+,xGd3+,yEu3+ (x= 5,y= 10 mol.%) system. Besides 

optical properties, the reported materials were magnetically active, and exhibited paramagnetic 

behaviors in the range of temperatures from 2 to 300 K. A sharp increase in the magnetization 

at low temperature was also observed, with feature suggesting magnetic ordering when doping 

exceeded the 5% threshold. The multicolor tuning of these systems may therefore find true 

applications as scintillating materials in high energy radiation detection. The reasoning behind, 

apart from their easy access by synthesis, stems from the fact that Ce3+/Eu2+ are both gamma 

ray sensitizer, Gd3+ encodes the highest stable cross-section of neutron captor and Eu2+/Eu3+ 

behaves as luminescence activator or wavelength shifter in the visible region. Along with this 

they are potential candidate for solid state lighting applications such as tuned light emitting 

diode. 
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Chapter ͷ 
Green Emitting Magnetic-Luminescent 
Nanomaterials 

 

 

 

 

 

 

 

 

 

The bifunctional nanocomposite showing strong green emission of Tb3+ ion under UV lamp (λ = 254 nm), with 
and without external magnetic field.

 

The preparation of novel triply doped bifunctional Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 

mol.%) nanocomposites with efficient optical and magnetic features have been reported. The ZnS semiconductor 

functionalized Fe3O4 particles were coated with LaF3:RE3+ (RE = Ce, Gd, Tb) materials via chitosan assisted co-

precipitation method. The size of iron-oxide 7.2 nm and trigonal structure of bifunctional nanostructure were 

confirmed from x-rays diffraction and high resolution transmission electron microscopy. The static magnetic 

measurements supported and manifested superparamagnetic behavior of the materials at 300 K. A broad emission 

band was observed in the blue region (400-550 nm) due to the sulphur vacancy on the surface of Fe3O4/ZnS 

nanocomposite. For triply doped bifunctional nanocomposite, the excitation spectra revealed broad absorption 

bands centered at around 270 nm, which is attributed to the 4f(7F7/2)5d interconfigurational transition of the Ce3+ 

ion accompanied by narrow absorption lines arising from the 4f–4f intraconfigurational transitions of the Tb3+ ion. 

The emission spectra of the nanocomposites showed characteristic narrow emission lines assigned to the 5D4
7FJ 

transitions (J = 6-0) of the Tb3+ ion. The energy transfer process from the Ce3+Gd3+Tb3+ ions was also 

presented and discussed. Further, the structural, photoluminescence and magnetic properties of 

Fe3O4/ZnS@LaF3:RE3+ suggested efficient candidature for the magnetic light converting molecular devices 

(MLMCDs) and high energy radiation detection. 
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5.1 Introduction 

During last decade, the design and engineering of bifunctional nanosized materials by co-

assembling magnetic and photonic features into a single entity nanostructure, have gained 

remarkable attention due to their promising applications in optoelectronics and scintillation of 

ionizing radiations.47,122,156,187,188 These nanomaterials are also widely used as multifunctional 

biomarkers in various biomedical applications such as in vitro and in vivo labeling,22,189 

quantitative DNA analyses,190 bioimaging,191 and magnetic hyperthermia for cancer 

therapy.13,192 Therefore, various approaches have been reported to design efficient 

multifunctional nanomaterials. Usually, the preparation methods of these bifunctional 

nanostructures include the coating or layer-by-layer deposition of rare earth (RE) phosphors or 

quantum dots on magnetic core nanoparticles45,193,194 and polymer assisted encapsulation of 

magnetic nanoparticles with luminophores in single nanostructures.28 The functionalization of 

Fe3O4 with fluorescent dyes or luminescent d transition metal complexes are other ways for the 

synthesis of bifunctional nanomaterials.47,195,196 

Among the iron-oxide nanostructures, magnetite exhibits long range ordering of magnetic 

moment, high surface to volume ratio and low toxicity as compared to its parent bulk 

counterpart. However, the bare Fe3O4 nanoparticles are highly vulnerable to self-aggregation 

and air atmosphere that causes their partial oxidation to maghemite (Ȗ-Fe2O3).
197,198 Usually, 

iron-oxide is strong luminescence quencher. This phenomena occurs via an energy transfer 

process; when a luminescent center (e.g., RE3+ ion) comes into contact directly or proximity 

with the magnetic metal oxide surface (Fe3O4).
15,20 In order to overcome this drawback, the 

intermediate layers, spacers or energy barriers are usually introduced in between the iron- 

oxide nanoparticles and luminophores.  Therefore, iron-oxide nanoparticles can be coated with 

organic macrocycles, polymers, silica or semiconductors before introducing the luminophores 

to prepare such bifunctional nanomaterials. It helps to retain their magnetic and luminescence 

features in same nanoentity. The magnetic properties of these bifunctional nanomaterials are 

originated directly by the iron-oxide nanoparticles in combination with the magnetic moments 

of the RE3+ ions.  

Zinc sulfide (ZnS) is an important semiconductor and classical scintillating material with 

remarkable physical and chemical properties. The great advantages of ZnS material are: large 

energy band gap (3.72 eV), considerable excitonic binding energy (40 meV), fluorescent 

property, environment friendly nature, relatively lower price and simple synthesis procedure.200 
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Therefore, ZnS is a suitable luminophore to synthesize high-photo-stable fluorescent and 

magnetic Fe3O4/ZnS nanomaterials.200–202 Besides, this nanocomposite structure may act as an 

energy barrier or separator between the Fe3O4 magnetic nanoparticles and RE3+ luminophores 

to lower luminescence quenching phenomena although being composite material. In this 

system, Fe3O4 acts as a semi metal with small band gap and can be expected to quench the 

luminescence of the ZnS due to leakage path provided by magnetite to excited electrons.203 

This may protect direct contact of magnetite with rare earth luminophores and lower quenching 

due to interaction between iron-oxide and LaF3:RE3+ luminophores. The nanocomposite 

Fe3O4/ZnS does not affect much the magnetic characteristic. Thus magnetic-luminescent 

characteristics of Fe3O4/ZnS nanocomposite can be manipulated under external magnet field. 

The luminescent RE3+ nanomaterials present remarkable optical characteristics mainly due to 

4f energy level (shielded by externally filled 5s and 5p subshell) by exhibiting narrow emission 

bands from visible to near infrared range with relatively long lifetimes and high quantum 

yields.83,177,204 The absorption and emission spectra of the 4f intraconfigurational transitions of 

the RE3+ ions retain more or less their atomic character and show narrow absorption and 

emission bands.47,174 The optical energy transfer mechanism depends strongly on the selection 

of host lattice. As an example, the LaF3 is considered as an ideal diamagnetic host matrix for 

exploitation of electronic transitions and magnetic contribution of dopant RE3+ ions,205 the 

reason being the size compatibility with the other trivalent rare earth ions following the 

Vegard’s Law. This rule establishes a limit of around 15% of the size of RE3+ to obtain 

complete solid solubility between the dopant and the host ion.28,32,33 The LaF3 matrix allows a 

high ionic character of the RE3+ and F- bond leading to a wide band gap, low vibration energies 

(<350 cm−1), minimal quenching of the electron-hole (e-h) and better chemical stability. These 

properties make it a versatile host matrix.60,156,206 The very low vibration energy of the host 

matrix is an important factor as it protects the dopant ions from deactivation sources through 

nonradiative decays. This leads towards high emission quantum efficiency. The dopant RE3+ 

ions are selectively chosen to achieve efficient intramolecular energy transfer from sensitizers 

to the activator ions. These are primary criteria to obtain a highly luminescent nanomaterial. 

One of the most intense emitting RE ions is Tb3+ ions with many distinct advantages.35,209 It is 

paramagnetic at room temperature,210 non-toxic, biocompatible, ultrasensitive (in vivo and in 

vitro), highly luminescent and monochromatic. The narrow emission bands of Tb3+ ion arising 

from 4f-4f transitions are independent of chemical environment. On the other hand, the Ce3+ 
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ion presents f-d interconfigurational transition (4f-5d) and can be used as a sensitizer in 

combination with Tb3+ activator, since it provides an easy indirect energy transfer pathway 

from Ce3+ to Tb3+ ions.209,72 There are few reports that show the use of Ce3+ ion as a sensitizer 

in x-ray luminescence and also potential application for high energy radiation detection even in 

aqueous medium, where it is soluble.72,71 The coexistence of the paramagnetic Gd3+ (4f7) with 

Tb3+ and Ce3+ ions, having large energy gap (32000 cm−1) between the 8S7/2 and first excited 
6P7/2 energy level, supports the efficient energy transfer mechanism from Ce3+ to Tb3+ ions in 

LaF3 host matrix in cascaded way. The Gd3+ ion has another unique characteristic. It is 

sensitive to neutron flux irradiation in radiation detection mechanism with highest stable 

neutron cross-section.72,211 

In this work, the preparation, structural and morphological characterizations as well as 

photoluminescence and magnetic properties of the i) Fe3O4/ZnS and ii) bifunctional inorganic 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) nanomaterials have been 

reported. The dc magnetic properties (M-H and ZFC/FC curves) were studied in order to 

analyze magnetic information over the final structure of the bifunctional nanocomposite. 

Moreover, the photoluminescence properties based on the excitation/emission spectral data and 

luminescence decay curves are also investigated and discussed in detail. The Fe3O4/ZnS 

together with the RE3+ ions doped LaF3 luminescent materials makes the multistep synthesized 

nanocomposite applicable in downshift processes e.g., in high energy radiation detection as 

well in magnetic light converting molecular devices. 

 

5.2 Experimental Section 

5.2.1 Synthesis: The synthesis of green emitting bifunctional magnetic-luminescent 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) nanomaterials have been 

performed according to the multistep synthesis protocol mentioned in chapter 3 (see section 

3.1.3.2). However, a complete synthesis procedure has been provided in a following schematic 

diagram in Figure 5.1. 

5.2.2 Instrumentation: The structural analyses have been performed utilizing PXRD, HRTEM 

and EDS (in STEM mode) techniques as mentioned in section 3.3.2 of Chapter 3. The dc 

magnetic measurements (M-H at 5 K and 300 K; and ZFC/FC in a field of 50 Oe) have been 

performed using SQUID magnetometer. The photoluminescence measurements (excitation/ 

emission and time decay curves for Tb3+ ions) have been performed using spectrofluorometer. 
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All the details are given in chapter 3.2. Further, CIE software has been used to determine the 

emission color chromaticity of the samples.  

 

 

Figure 5.1: General synthesis scheme of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 

mol.%) bifunctional green emitting magnetic nanocomposites.

 

 

5.3 Results and Discussions 

5.3.1 Morphological and structural analyses 

5.3.1.1 Powder x-ray diffraction (PXRD): PXRD patterns of Fe3O4, Fe3O4/ZnS and 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) nanocomposites have 

been presented in Figure 5.2. The average crystallite size was found as 7.2 nm for Fe3O4 

nanoparticles showing cubic structure of the magnetite (iron (II/III) oxide, Fe3O4), 

corresponding to the reported reference pattern (ICDD PDF No. 19-0629).39  

The PXRD pattern (Figure 5.2b) of the Fe3O4/ZnS nanocomposite were matched with 

reference ICDD PDF No. 12-0688 of the wurtzite ZnS hexagonal structure along with the 

minor peaks of Fe3O4 claiming composite structure. All the diffraction patterns of 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanocomposites with concentration x = 5; y = 5, 10 and 

15 mol.% have been shown in Figure 5.2 c, d and e respectively. These diffraction peaks were 

indexed and matched with reference pattern ICDD PDF No 32-0483. It suggested trigonal 

structure (space group P-3c1, group number 165) of LaF3 with small shifting, vis-à-vis 

existence of peaks of Fe3O4 and Fe3O4/ZnS nanosystems. The relative intensities of the XRD 

peaks of LaF3:xCe3+,xGd3+,yTb3+ were found much stronger and dominant in comparison to 

those from the Fe3O4 and Fe3O4/ZnS nanostructures. Further, it was observed that an increase 

in molar concentration of Tb3+ ions in the LaF3 matrix, exhibited minor change in the profile of 

the diffraction peaks. 
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Figure 5.2: PXRD patterns of (a) Fe3O4; (b) Fe3O4/ZnS; (c, d, e) Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ 

(x = 5; y = 5, 10, 15 mol.%). 

 

 

5.3.1.2 Transmission Electron Microscopy (TEM): The high resolution TEM image of the 

iron-oxide nanoparticles showed a majority of small particles (Figure 5.3a, left) with their size 

between 6 and 8 nm of spherical faceted shape. The inverse spinel structure of Fe3O4 has been 

confirmed from the Fast Fourier Transform (FFT) analysis, indexed along the [211] zone axis 

(ZA) (Figure 5.3a, right). Further, the existences of aggregated particles with average sizes of 

30 nm were observed for the Fe3O4/ZnS material (Figure 5.3b, left). These particles showed 

spherical faceted polyhedral shapes and mass-thickness contrast. The Fe3O4/ZnS samples 

presented a mixture of the Fe3O4 cubic and the ZnS hexagonal structures showing d-spacing of 

(100) and (002) planes of the ZnS  (highlighted in red) and (113) plane of the inverse spinel 

Fe3O4 structure, in yellow (Figure 5.3b right), corroborating through the PXRD pattern. 
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Figure 5.3: HRTEM images of (a) inverse spinel Fe3O4 (b) hexagonal Fe3O4/ZnS, (c), trigonal 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x and y = 5 mol.%) samples acquired on JEM-2100F 

microscope. The regions of the images analyzed applying Fast Fourier Transforms (FFT) are 

highlighted. 
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The microstructure of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x and y = 5 mol.%) nanoparticles 

was studied by HRTEM (Figure 5.3c, left), showing the presence of Fe3O4 (cubic), ZnS 

(hexagonal) and LaF3 (trigonal structure). The Fast Fourier Transform (FFT) analysis showed 

the LaF3 structure near the [102]  zone axis, as well the presence of the (002) and (100) planes, 

which corresponds to Fe3O4 and ZnS structures, respectively (Figure 5.3c, right). The 

crystalline properties of all bifunctional nanocomposites indicated dimer like particles and are 

closer to the polycrystalline like structure. 

 

Figure 5.4: High angle annular dark field (HAADF) image and energy dispersive x-ray spectroscopy 

(EDS) elemental mappings, acquired in the Titan Cubed Themis 300 microscope, showing the 

homogeneous and uniform distribution of Fe, O, Zn, S, La, F elements (upper panel) and La, F, Ce, Gd 

and Tb (lower panel) for Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = y = 5 mol.%) nanocomposite. All 

images have the scale bar of 10 nm.
 

 

5.3.1.3 Energy dispersive x-ray dispersive spectroscopy (EDS): High angle annular dark 

field (HAADF) and energy dispersive x-ray spectroscopy (EDS) analyses for elemental 

mapping (Figure 5.4) illustrate the homogeneous distributions of Fe, O, Zn, S, La, and F along 

with rare earth dopants. EDS spectra for Fe3O4/ZnS@LaF3:RE3+ (x = y = 5 mol.%) sample 

have been acquired for different spots and the electron beam was focused on agglomerate 

particles. The observed peaks confirm the existence of Fe, O, Zn, S, La, F, Ce, Gd and Tb 
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elements (Figure 5.5). The Cu and C peaks may be due to copper grids of ultrathin carbon film 

with Lacey carbon.  The quantitative analysis of the mappings of the analyzed samples shows a 

difference in relation to the theoretical stoichiometry. The average % elemental composition 

analysis of lanthanides obtained by EDS spectra (Figure 5.5) for 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x and y = 5 mol.%) gives La (79.1 ± 2.1 % ), Ce (7.6 ± 

0.9 %), Gd (6.2 ± 1.3 %) and Tb (7.2± 2.2 %). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: EDS spectrum for Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = y = 5 mol.%) sample. 

 

 

5.3.2 Photoluminescence (PL) Properties 

5.3.2.1 Fe3O4/ZnS luminescence: Excitation spectrum (Figure 5.6a) of the Fe3O4/ZnS sample 

was recorded from 200-400 nm at 300 K, monitoring emission at 440 nm. It displayed a weak 

intensity broad absorption band centered at around 316 nm, which could be assigned to the 

band edge transition of the ZnS. The band gap of the ZnS semiconductor usually occurs in the 

range of 3.93–4.01 eV, which corresponds to the wavelength spectral range from 315 to 309 

nm.212 On the other hand, the emission spectrum of the Fe3O4/ZnS nanomaterial was recorded 

at 300 K, from 350-700 nm under excitation at around 316 nm assigned to the band edge 

transition of the ZnS (Figure 5.6b).  

This emission spectrum revealed low intensity broad emission band centered at around 440 

nm, which is usually originates due to the surface defect states such as sulfur vacancies located 
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at the surface of ZnS nanoparticles.213 The optical data suggested the functionalization of 

Fe3O4 with ZnS and corroborated with the observed XRD and HRTEM analyses. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Luminescence spectra of Fe3O4/ZnS nanoparticles recorded at 300 K, (a) excitation 

spectrum, monitoring emission at 440 nm, and (b) emission spectrum under excitation at 316 nm which 

corresponds to the band edge transition of ZnS (3.9 eV). 

 

 

5.3.2.2 Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ green phosphors: The excitation spectra of the 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) nanophosphors were 

recorded from 200-470 nm at 300 K (Figure 5.7a), monitoring emission at 543 nm, assigned to 

the higher intensity 5D47F5 transition of the Tb3+ ion. The excitation spectra of all 

nanomaterials presented high intensity broad absorption band centered at around 258 nm, 

corresponding to the 4f(2F5/2)5d interconfigurational transition of the Ce3+ ion. Besides, the 

nanocomposite materials showed narrow absorption lines, assigned to the 4f8‒4f8 transitions of 

the Tb3+ ion such as: 7F65L8,7,6 and 5G2 (339 nm), 7F65L9 and 5G4 (351nm), 7F65L10 (369 

nm) and 7F65G6 (377 nm). However, the relative intensities of these narrow absorption bands 

were very low in comparison to the strong broad band of the Ce3+ ion. This result indicated that 

the indirect excitation process of the Tb3+ ion via 4f(2F5/2)5d interconfigurational transition 

of the Ce3+ ion, was more operative than under direct 4f8-4f8 transitions of the Tb3+ ion in the 

nanophosphors. 
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Figure 5.7: Luminescence spectra of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanophosphors, recorded at 

300 K: (a) excitation spectra, monitoring emission at 543 nm assigned to the 5D47F5 transition and (b) 

emission spectra under excitation at 258 nm assigned to 4f (2F5/2)5d interconfigurational transition of 

the Ce3+ ion (inset figure shows the amplified spectral range of the Ce3+ and Gd3+ transitions in the 

range 270 nm – 400 nm).

 

 

The emission spectra of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 

mol.%) bifunctional nanomaterials were recorded from 375-750 nm at 300 K (Figure 5.7b) 
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under excitation at 258 nm, assigned to 4f(2F5/2)5d transition of the Ce3+ ion. The spectral 

range from 475-700 nm displayed narrow emission bands which have been assigned to the 
5D47FJ transitions (J = 6, 5, 4, 3, 2, 1 and 0) of the Tb3+ ion. Further, the 5D47F5 transition 

at 543 nm was the most intense and dominant for all the Fe3O4/ZnS@LaF3:RE3+ 

nanophosphors. In addition, a very low intensity emission broad band was observed in spectra 

range of 270 to 400 nm (inset, Figure 5.7b). It was assigned to the 4f(2F5/2)5d 

interconfigurational transition of the Ce3+ ion. However, a very narrow emission band at 310 

nm in the same emission range was also assigned to the 6P7/28S7/2 transition of the Gd3+ ion.40 

This result indicated that the Ce3+ ion has been an efficient luminescence sensitizer to the Tb3+ 

ion (luminescence activator) for these nanophosphors (Figure 5.7 and 5.8) through energy 

transfer (ET) process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Partial energy level diagram of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanophosphors 

presenting energy transfer (ET) processes from the sensitizer (Ce3+) to the Gd3+ and Tb3+ activator ion. 

The dashed arrows represent nonradiative decays; and the grey, sky blue and green color downward 

arrows correspond to the radiative decay of the Ce3+, Gd3+ and Tb3+ ions, respectively. 
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5.3.2.3 Energy transfer (ET) mechanism: From the excitation/emission data, the 

nonradiative ET pathways among the Ce3+, Gd3+ and Tb3+ ions are described through 

schematic energy level diagram for the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+samples (Figure 

5.8). A simplified energy transfer process for these samples can be described as follows: (i) a 

strong absorption from the 2F5/2 ground state to the 5d excited state of the Ce3+ ion leading to a 

weak emission from 5d to 2F5/2 states; (ii) nonradiative energy transfer pathway from the 5d 

state of the cerium ion to 6I7/2 excited state of the Gd3+ ion that decays nonradiatively to 6P7/2 

emitting level resulting weak UV emission assigned to the 6P7/28S7/2 transition, and (iii) a 

direct energy transfer from the 5d (Ce3+) and 6P7/2 (Gd3+) states to the 4f8 intraconfigurational 

excited states of the Tb3+ ion. In this ET process, the Gd3+ ion provides another energy transfer 

pathway between sensitizer (Ce3+) and activator (Tb3+) ions.214 However, the high intensity 

green emission line (5D4→7F5) is dominated in the emission spectra of Fe3O4/ZnS@LaF3:RE3+ 

nanophosphors. This suggests that the Fe3O4/ZnS@LaF3:RE3+ nanophosphors are promising 

materials for green magnetic light converting molecular devices (MLMCDs). 

5.3.2.4 Life time profiles: The lifetime values of the emitting 5D4 level of Tb3+ ion were 

determined from the luminescence decay curves of the nanomaterials, which were measured at 

300 K by monitoring emission at 543 nm of the 5D47F5 transition of Tb3+ ion and excitation 

at 258 nm. By fitting the curves with exponential function of  ሺ ሻ         ሺ   ⁄ ሻ, it displayed 

mono-exponential decay behavior. The normalized luminescence decay curves of the 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+samples are shown in Figure 5.9. The lifetime values 

were found to be increased from 7.40 to 7.83 ms as the concentration of dopant Tb3+ ion was 

increased from 5 to 10 mol.%. However, this value decreased to 6.40 ms, as the concentration 

of dopant Tb3+ ion was increased to 15 mol.%, showing concentration quenching 215, which 

might be due to the cross relaxation process among the Tb3+ ions. This process depends on the 

interaction between two luminescent centers (Tb3+ ions) and quenches higher level emissions 

by cross relaxation. The cross relaxation in Tb3+ ions may occur as follow:  Tb3+ (5D3) + Tb3+ 

(7F6) → Tb3+ (5D4) + Tb3+ (7F0). 

5.3.2.5 CIE chromaticity: The emission color of green emitting nanomaterials was evaluated 

by Commission Internationale de l'éclairage-CIE chromaticity diagram (Figure 5.10). The 

overall emission color was calculated and expressed according to (x, y) CIE color coordinates, 

which has been marked as A (0.367, 0.513), B (0.361, 0.535) and C (0.384, 0.513) for the x = 
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5; y = 5, 10 and 15 mol.% samples, respectively and showing highest green emission intensity 

contribution of 5D47F5 transition of the Tb3+ ion (inset, Figure 5.10). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Normalized luminescence decay curves of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 

5, 10 and 15 mol.%) nanophosphors, monitoring excitation at 258 nm corresponds to the 4f(2F5/2)5d 

interconfigurational transition of the Ce3+ ion and emission at 543 nm, assigned to the 5D47F5 

transition of Tb3+ ion. 

 

 

 

 

 

 

 

Figure 5.10: The CIE chromaticity diagram of green emitting Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x 

= 5; y= 5, 10 and 15 mol.%) nanophosphors. Photographs of nanomaterials (inset), taken by a digital 

camera, displaying the green emission under UV irradiation lamp at 254 nm.
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5.3.3 Magnetic Investigation 
5.3.3.1 Magnetic hysteresis measurement: The dc magnetic properties using hysteresis loops 

(M-H curves) were measured by SQUID magnetometer at 300 K and 5 K.  At 300 K, the 

hysteresis loops of Fe3O4, Fe3O4/ZnS and Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 

10 and 15 mol.%) nanomaterials showed superparamagnetic behavior with very low value of 

coercive field Hc (< 25 Oe) and remanence (Figure 5.11).  The saturation magnetization (Ms) 

values were found 40.4 and 36.5 emu/g for Fe3O4 and Fe3O4/ZnS, respectively. The 

bifunctional Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ samples showed Ms nearly 32.9 emu/g (x 

=5; y = 5 mol.%), 32.4 emu/g (x = 5; y = 10 mol.%) and 34.4 emu/g (x = 5; y=15 mol.%) 

(Figure 5.11a). This was attributed due to the variance in particle sizes distribution,216 hence 

prolonged existence relaxation of nanostructures and non-collinear spin arrangement in the 

nanoentities.217 

 

Figure 5.11: Magnetization per gram of iron oxide as a function of magnetic field (M-H) of Fe3O4, 

Fe3O4/ZnS and Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) samples, (a) at 

300 K and (b) enlarged view of the low magnetic field regime at taken at 300 K. 

 

The reduced value of Ms revealed the functionalization of Fe3O4 with ZnS and further grafting 

by LaF3:xCe3+,xGd3+,yTb3+. Moreover, the decreased value of Ms of iron-oxide from the bulk 

value (92 emu/g) was mainly due to coating of oleic acid over the Fe3O4 nanoparticles during 

the synthesis. The major contribution in magnetization was due to the iron-oxide nanoparticles. 

The mass fraction of the magnetic material attached is one of the factors that may affect the Ms 

to some extent.218 The Ms of Fe3O4/ZnS was decreased due to contribution of low mass 
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fraction of the ZnS with Fe3O4. The overall magnetic contribution for magnetic green emitting 

nanomaterials was less than Fe3O4/ZnS by considering the mass contribution of magnetic-

luminescent materials for x = 5; y = 5, 10 and 15 mol. %. The Ms of bifunctional 

nanocomposite varies from 32.4-34.4 emu/g and it showed very small increase in Ms value by 

increasing Tb3+ ion concentration (Figure 5.11 a). Although the Ms values of the bifunctional 

nanocomposites were lower when compared to Fe3O4 core nanoparticles, but still exhibited 

strong response to the external applied magnetic field. 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Magnetization per gram of iron oxide as a function of magnetic field for Fe3O4, 

Fe3O4/ZnS, and Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) samples at 5 K.

 

The saturation magnetization for Fe3O4 and Fe3O4/ZnS was found 47.50 and 44.01 emu/g, 

respectively at 5 K (Figure 5.12). The functionalization of semiconducting material ZnS with 

iron oxide did not affect magnetic property much. The higher value of saturation magnetization 

Ms compared to the values at 300 K, showed the dominant ferromagnetic nature of iron-oxide 

with probably some complex interaction among ions of Fe3O4/ZnS nanostructure and size-

shape of the nanocomposites, produced during synthesis. After coating LaF3:xCe3+, xGd3+, 

yTb3+ (x =5; y = 5, 10 and 15 mol.%) around Fe3O4/ZnS, saturation magnetization also 

increased to 36.42 , 38.54 and 39.63 emu/ g for x=5 and y = 5, 10 and 15 mol.% respectively in 

comparison to values at room temperature (Figure 5.12). Furthermore, increasing the 

concentration of Tb3+ ions in LaF3:xCe3+, xGd3+,yTb3+ showed a small magnetic contribution 
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of Tb3+ ion with variation in the coercivity value. This type of effect certainly indicated that 

their individual magnetic moment remained in a random fixed orientation without spontaneous 

magnetization switching i.e. they showed blocked regime behavior at low temperature.  

5.3.3.2 ZFC/FC measurement: The measurement of temperature dependence magnetic 

property (M-T curves) under field cooling (FC) with an applied field of 50 Oe and zero field 

cooling (ZFC) from 5-300 K were performed for Fe3O4; Fe3O4/ZnS; and 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) samples (Figure 5.13). 

The shapes of ZFC/FC curves are more like a collective assembly of nanoparticles with 

superparamagnetic nature at 300 K. It can be seen the differences between the ZFC profiles for 

all samples. For Fe3O4 nanoparticles, a maximum can be observed nearly 170 K, indicating its 

blocking temperature. Further, shifting in blocking temperature can be seen in Fe3O4/ZnS 

(Figure 5.13a) and Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5 and 15 mol.%) in Figure 

5.13b below 300 K. 

 

 

 

Figure 5.13: Zero field cooling (ZFC) and Field cooling (FC, at 50 Oe) measurements for the (a) Fe3O4 

and Fe3O4/ZnS, and (b) Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol.%) samples.

 

However, the blocking temperature for sample Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y 

= 10 mol.%) is not in the measured temperature range. It can be due to dipolar interaction 

among iron-oxide nanoparticles and aggregation of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 

5; y = 10 mol.%) nanoparticles. These changes in blocking temperature also indicate probable 

random sizes and shapes of materials. It is interesting to notice that the magnetization increase 
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for the ZFC and FC curves of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10, 15 

mol.%) samples in the low temperature range (Figure 5.13). This effect is due the paramagnetic 

contribution and higher magnetic moment of the Tb3+ ion, showing the non-negligible effect of 

Tb3+ ion on the magnetic properties. 

 

5.3.4 Magnetophoretic Experiment 

Combining the luminescence with magnetic characteristic together showed appreciable 

luminescent intensity from the nanomaterial under external magnetic field. It depicts the 

potential application of bifunctional nanomaterials for magnetic targeting and separation. The 

combination of magnetic and photoluminescence properties of green emitting magnetic 

nanocomposite has been shown in Figure 5.14, displaying successful alliance of magnetic-

luminescent characteristic of the Fe3O4/ZnS@LaF3:RE3+ nanomaterial.  

 

 

 

 

 

 

 

 

 

Figure 5.14: Digital photograph of Fe3O4/ZnS@LaF3: xCe3+,xGd3+,yTb3+ (x = 5; y = 15 mol.%) 

nanocomposite dispersed in ethanol without (left) and with external magnet (right) under UV irradiation 

at 254 nm. 

 

 

In a cuvette, the material was dispersed in ethanol, displaying bright green emission under UV 

radiation. After applying the external bar magnet close to cuvette, all particles of the sample 

were moved quickly and stacked to a single place of the one side of the cuvette in clear 

solution of ethanol. This showed that the materials possessed strong magnetic characteristics. 

Besides, under exposure to the ultraviolet radiation of 254 nm, bright green light was perceived 

from the same corresponding place on the side wall of cuvette near magnet (Figure 5.14, right). 
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This complete procedure pointed out that these bifunctional nanoparticles owned clear strong 

magnetic and luminescent properties in conjugation. In brief, this nanocomposite can show 

better performance by tuning simultaneously magnetic and luminescence bifunctionality. 

 

5.4 Conclusion 

The luminescence and magnetic nanocomposites containing triply doped 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y =5, 10, 15 mol.%) were successfully prepared 

by multistep synthesis procedure. Employing ZnS as a spacer between direct linkage of Fe3O4 

and green LaF3:RE3+ phosphors played its role well. This bifunctional nanomaterial displayed 

good emission intensity from the 5D47F6-0 transitions of Tb3+ ion when excited at the 4f5d 

interconfigurational transition of Ce3+ and supported by Gd3+ ion. The luminescence decay 

profiles suggested probable concentration quenching for the 5D47F5 transition of Tb3+ ion by 

cross relaxation. Structural and morphological studies using x-ray diffraction and HRTEM 

with EDS mappings in scanning TEM mode, supported by dc magnetic properties revealed the 

nanocrystalline, high magnetic saturation and superparamgnetic nature of the bifunctional 

nanocomposite at 300 K. As a result, this magnetic luminescent bifunctional nanocomposite 

may act as good candidates for the preparation of emitting layers in magnetic light converting 

molecular devices (MLCMDs) and radiation detection or in downshift applications through 

magnetic manipulation. 
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Chapter ͸ 

Optical–Magnetic Characteristics for 
Dual Optical Window 

 

 

 

 

 

 

 

Red (Ce, Eu) and Green (Yb, Er) emission from superparamagnetic iron-oxide/SiO2/NaGdF4:RE3+ (Ce, Eu and 

Yb, Er) upon excitation by 254 nm ultraviolet light and 980 nm laser.

 

We report the microwave assisted thermolysis synthesis of binary doped optical-magnetic up/down converting ȕ-

NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ (RE = Ce, Eu; Yb, Er) nanoparticles. The morphological 

characteristics of these systems were finely tuned from elongated rod-shaped nanoparticles in ȕ-NaGdF4:RE3+ to 

ovoidal nanoparticles for iron-oxide/SiO2/NaGdF4:RE3+. The (Yb, Er) activated particles provided an excellent 

up/down conversion luminescence emission in visible (green) and mid-infrared optical windows, under excitation 

wavelength of 980 nm, whereas the (Ce, Eu) activated systems exhibited a strong red emission (5D0→7F2 of Eu3+) 

via Gd3+ sub-lattice upon excitation in the UV region. The magnetic hysteresis at 300 K for ȕ-NaGdF4:RE3+ 

showed typical signatures of a paramagnetic system, whereas the iron-oxide/SiO2/ȕ-NaGdF4:RE3+ 

nanocomposites exhibited superparamagnetic behavior, along with the presence of a Curie-like component at high 

applied field, which was due to a paramagnetic contribution. The luminescence quenching effects induced by the 

presence of an iron-oxide phase have been validated by comparing the emission and life time decay curves of the 

ȕ-NaGdF4:RE3+ with those expressed by the iron-oxide/SiO2/NaGdF4:RE3+. Owing to their excellent magnetic and 

optical responses, as witnessed in the dual optical window experiments, these new materials have high potentials 

for technological applications such as bio imaging and field detections. 
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6.1 Introduction 

Multifunctional nanoparticles that are capable to merge together optical and magnetic 

properties into a single nanostructured material, became, in the last two decades, the target of 

intensive research efforts, because such materials can be easily implemented in a variety of 

industrial applications, from bio-clinical to communication technologies.45,219,220,221,58 In order 

to achieve sustainable cooperation between optical and magnetic properties, two main 

synthetic routes have been so far explored for the successful assembly of such 

nanomaterials.45,182,222–225 The most conventional approach (route (i)) relies on the combination 

of two distinct nonoentities, one magnetic and one luminophore nanoparticles, which are 

merged into a nanocomposite unit. Another approach (route (ii)) relies on the direct 

engineering of a single phase luminophore that is already magnetic. In both cases, the final 

target is the harmonious integration and modulation of the optical and magnetic properties into 

a functional nanomaterial, which can deliver, for example, an excellent platform for cell 

imaging.23 In fact, optical imaging techniques offer improved high spatial resolutions, allowing 

the visualization of the cell structures. However, they have limited depth in imaging and poor 

quantitative accuracy, due to the absorption of light by tissues.175 Magnetic imaging has no 

practical limitation in terms of depth but the spatial resolution is worse compared to the optical 

technique.116 Hence, combination of multiple imaging (optical/magnetic) in multi-

modality,45,182,226,227 provides directly more information on the imaged object. 

Despite the “on paper” simplicity on pursuing either route (i) or route (ii), the synthetic 

assembly of magnetic and optically active nanoparticles is a challenging task. This is due to 

several barriers that stand upon delivering materials in which magnetic and electrostatic 

interactions are finely controlled, and the  hydrophobic/philic surfaces are careful engineered in 

a way to remain stable e.g., in biological media.23 So far, optical/magnetic nanocomposites 

have been obtained via route (i) or (ii) by using as key-components in a large variety of 

systems, such as quantum dots, organic dyes, conjugated polymers, and rare earth 

complexes.47,182,228,229 Following route (i), the synthetic methods include coating or layer-by-

layer deposition of luminescence nanoparticle over the magnetic nanoparticles. Alternatively, 

the cross-linking of these two systems can be achieved by using other organic molecules that 

act as spacer between them, and the so obtained materials display the morphological 

organization of core-shell composites.147 Moving to single phase material (route (ii)) 

containing magnetic and optical functionality (e.g. gadofluorophores: Gd containing 
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luminescence materials), their synthesis is relatively easier compared to route (i), and several 

examples can be found in the literature.45,57,58,230,231 The control of the nanoparticle size and 

morphological evolution of the nanosystem is equally important, because size and morphology 

have large impact on tuning the material optical/magnetic performances as well as on the 

material biocompatibility.232–234 The biocompatibility and strong magnetic property of iron-

oxide nanoparticles have prompted us to employ this material in combination with 

luminophores, and then to investigate the resulting impacts on both luminescence proclivity 

and magnetic responses of the merged system.23 The commonly explored luminophores are 

based on rare earth ions (RE3+), which exhibit intense narrow intra 4f–4f luminescence bands 

in a wide range of hosts, covering UV to IR region that depends upon excitation wavelengths, 

presence of dopants, and chemical identity of the matrix.60 Recent reports have demonstrated 

that optical-magnetic properties can be observed simultaneously in a single crystal or single 

phase fluorides by RE doping1,5,23 such as in NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+; Yb3+, Er3+). 

NaGdF4 is, in fact, one of the most flexible host matrix.39,57,58,231,235,236 Systems based on 

NaGdF4:RE3+ have the advantage to encode (i) low phonon energy (< 370 cm-1), (ii) highly 

stable cross-sectional captor,237 (iii) minimal quenching, leading to relatively long decay time 

of the excited emitting level, hence, to higher luminescence efficiency, and (iv) have the ability 

to prevent generation of participating phases even under heavy doping of other lanthanide ions. 

In this work, we report the synthesis and properties of a merged system that benefit from the 

use of combining iron-oxide and NaGdF4:RE3+ materials together. The synthesis is achieved 

via a microwave assisted thermolysis route to synthesize NaGdF4:RE3+ nanoparticles, followed 

by the use of a template route to assemble the iron-oxide/SiO2/NaGdF4:RE3+ composite. 

Correlation between structure and morphological organization with the optical-magnetic 

properties of these materials has been carried out using different spectroscopic techniques. In 

particular, our work shines light on the physical principles that govern the changes in the 

intensity of the emission peaks and their lifetime variations promoted by the iron-oxide phase, 

the benefits obtained as well as the drawbacks encountered in these merged systems, so to 

draw a realistic portray of the possible implementation of similar materials in real world 

scenarios. 

6.2 Experimental Section 

The chemical reagents and the procedure to obtain NaGdF4:RE3+ and iron-

oxide/SiO2/NaGdF4:RE3+ nanocomposites are discussed in chapter 3 (section 3.1.3.3).  The 
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dopant (RE3+ = 5 mol.% Ce3+ & 5 mol.% Eu3+) and (RE3+ = 20 mol.% Yb3+ & 2 mol.% Er3+) 

were used in NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ nanomaterials. The synthesized 

materials were thoroughly characterized using Rietveld refinement of x-ray diffraction pattern, 

high resolution transmission electron microscopy techniques, Fourier transform infrared 

spectroscopy, and photoluminescence and dc magnetic measurements. The detailed description 

of instrumentation has been provided in chapter 3. 

 

6.3 Results and Discussions 

6.3.1 Crystallization behavior, structure and morphological evolution studies 

The synthetic steps undertaken to produce NaGdF4:RE3+ and the iron-oxide/SiO2/NaGdF4:RE3+ 

materials and their growth mechanism in 1-octadecene (1-ODE) and oleic acid (OA) solutions 

are schematically illustrated in Figure 6.1. 

 

 

 

 

 

 

 

 

 

Figure 6.1: Schematic diagram for the synthesis of NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ 

showing the proposed growth mechanism that occurs under microwave thermolysis.
 

 

6.3.1.1 Powder x-ray diffraction (PXRD): Figure 6.2 shows the PXRD patterns observed for 

the NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+ and Yb3+, Er3+). 

systems. From Figure 6.2c (iron-oxide/SiO2/NaGdF4:Ce3+ and Eu3+) and Figure 6.2e (iron-

oxide/SiO2/NaGdF4:Yb3+ and Er3+), we observed that the diffraction peaks associated to the 

iron-oxide phase were very weak. This effect was due to the very small volume percentage and 

cross-section of the iron-oxide phase compared to the NaGdF4 matrix. In addition, the recorded 
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patterns evidenced that similar diffraction peaks are observed in both samples (NaGdF4:RE3+ 

and iron-oxide/SiO2/NaGdF4:RE3+).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: PXRD patterns and corresponding Rietveld fitting of (a) NaGdF4 matrix; (b) 

NaGdF4:Ce3+,Eu3+; (c) iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+; (d) NaGdF4: Yb3+,Er3+; and (e) iron-

oxide/SiO2/NaGdF4:Yb3+,Er3+ nanoparticles. * represents the GdF3 phase. 

 

All the XRD patterns shown in Figure 6.2 are in good agreement with the hexagonal phase ȕ-

NaGdF4 (ICDD pattern 027-0699), and no secondary phases, as impurities, appeared in 

samples except existence of GdF3 (~ 3%) in Figure 6.2b (marked as *). Following the 

incorporation of RE, the XRD patterns for the NaGdF4 and iron-oxide/SiO2/NaGdF4: RE3+ (RE 

= Ce, Eu and Yb, Er) were only slightly weakened compared to those observed in neat NaGdF4 

shown in Figure 6.2a. This behavior indicates that the crystal structure is preserved after the 

incorporation of RE ions. The results are expected, because RE3+ (Ce, Eu and Yb, Er) have 

similar ionic radii of Gd3+, following the Vegard‟s law.147,237 The structural parameters 

obtained from the Rietveld analysis are collected together in Table 6.1 and clearly show that 

the hexagonal phase is preserved from the accuracy of the fitting (space group P6m/3). The 

enhanced intensity of the peak indicates that the preferential crystal growth occurs along (101) 

* 
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direction in NaGdF4: RE3+ (Ce3+, Eu3+) matrix (Figure 6.2 (a) and (b)), and along the (110) 

direction for NaGdF4:RE3+ (Yb3+, Er3+) (see Figure 6.2 (d). The calculation of the crystallite 

sizes as given in Table 6.1, suggests that the pursued synthetic routes triggered the formation of 

large NaGdF4:RE3+ particles (29-35 nm), but small iron-oxide/SiO2/NaGdF4:RE3+ (RE = Ce3+, 

Eu3+ and Yb3+, Er3+) nanoparticles (15-20 nm). The Rietveld refinements analysis of 

NaGdF4:RE3+ materials (Table 6.1) revealed, in addition, that during synthesis, alongside with 

large particles, also small particles are formed but to a minor extend; on the contrary, in the 

iron-oxide/SiO2/NaGdF4:RE3+ samples, a uniform statistical size distributions found to hold. 

 

 

Table 6.1: Table obtained from the Rietveld refinements (lattice parameters, crystallite size 

and concentration of phases, strain, Rwp and goodness of fitting). 

Samples Phases 
Lattice 

Parameters 
a, b, c (Å)      

Conc. 
(%) D (nm) Strain 

(%) 
Rwp 
(%) GOF 

NaGdF4 

Bigger 
6.0442(5), 
6.0442(5), 
3.6071(3) 

87(2) 29(1) 0.8(1) 

4.8 1.2 

Smaller 
6.096(7), 
6.096(7), 
3.70(5) 

13(2) 7.1(7) 0.07(1) 

NaGdF4:Ce,Eu 

Bigger 
6.0529(4), 
6.0529(4), 
3.6086(3) 

89(2) 34(1) 0.06(1) 

5.1 1.2 Smaller 
6.046(8), 
6.046(8), 
3.64(1) 

8(2) 4.5(5) 0.02(1) 

GdF3 
6.589(5), 
7.007(3), 
4.390(2) 

3.0(3) 53(5) 0.02 

Iron-
oxide/SiO2/ 

NaGdF4:Ce,Eu 
Pure 

6.0566(6), 
6.0566(6), 
3.6064(4) 

100 19.1(4) 0.01 4.7 1.2 

NaGdF4:Yb,Er 

Bigger 
6.0496(6), 
6.0496(6), 
3.6080(4) 

73(2) 32(1) 0.084(5) 

5.9 1.2 

Smaller 
6.085(5), 
6.085(5), 
3.609(5) 

27(2) 6.6(7) 0.01 

Iron-
oxide/SiO2/ 

NaGdF4:Yb,Er 
Pure 

6.0367(6), 
6.0367(6), 
3.6467(6) 

100 16.2(3) 0.08(1) 5.0 1.1 
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6.3.1.2 Transmission electron microscopy (TEM): The morphological and structural 

characteristics of these materials were obtained by using TEM techniques. The TEM results 

shown in Figure 6.3 (a and b) indicate that the NaGdF4:Ce3+, Eu3+ nanomaterial contains a 

majority of rod shaped nanoparticles (~35 nm) with very few rods of average length  ~ 15 nm, 

whereas iron-oxide/SiO2/NaGdF4:RE3+ encode ovoidal shapes (Figure 6.3, d and e). The 

morphological differences suggests occurrence of an anisotropic growth of the nanoparticles. 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: HRTEM images of (a-b) NaGdF4:Ce3+,Eu3+ and (d-e) iron-

oxide/SiO2/NaGdF4:Ce3+,Eu3+. The Fast Fourier transform of the highlighted areas are given as insets 

(in a, b, d, e). The insets (c) and (f) show the inter-plane distances (HAADF images) of the 

NaGdF4:Ce3+,Eu3+ and iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ respectively. Yellow color is associated to 

the indexing of iron-oxide and the red color the indexing for NaGdF4:Ce3+,Eu3+. Scale bar (a and d): 10 

nm; Scale bar (b and e): 5 nm; and Scale bar (c and f): 2 nm. 
 

 

The fast Fourier transform (FFT) analyses showed that the diffraction of crystallographic 

planes with d-spacing of the hexagonal crystalline structure, according to the ICDD PDF no. 
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00-029-0699. FFT described in the insets of Figure 6.3 show the clear presence of (100), (110), 

(111), (200), (201) and (210) planes (inset, Figure 6.3a,b) in the NaGdF4:RE3+ material. The 

FFT shown Figure 6.3 (d and e) also reveals that the d-spacing calculations correspond to 

(400), (411), (511) and (311) planes of the Fe3O4, along with (110), (101), (100), (201) and 

(210) planes of NaGdF4:RE3+. Complementary high annular angular dark field (HAADF) 

images are given in Figure 6.3c and Figure 6.3f, which display the lattice fringes and 

interplanar distances. Additional TEM images of NaGdF4:Yb3+,Er3+ and iron-

oxide/SiO2/NaGdF4:Yb3+,Er3+ are collected and reveals the occurrence of similar materials 

morphologies. Such structural properties have been further corroborated by their PXRD 

analysis (Figure 6.2d and Figure 6.2e, Table 6.1), thus, a similar anisotropic growth of 

the nanoparticles occurs for these systems as well. 

 

Figure 6.4: The high angle annular dark field (HAADF) images of the NaGdF4:Ce3+,Eu3+ (a, b) and the 

iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ (d, e) nanocomposites; EDS elemental mappings for 

NaGdF4:Ce3+,Eu3+ are given in (c) and for iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ in (f), showing the 

distribution of Fe, O, Si, Na, Gd, Ce, Eu and F elements. Scale bar (a and d): 20 nm; Scale bar (b, c, e 

and f): 9 nm 
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6.3.1.3 Energy dispersive x-ray spectroscopy (EDS):  The spatial distributions of elements 

Fe, O, Si, Na, Gd, Ce, Eu and F in the synthesized materials were evaluated by HAADF and 

EDS mapping. Figure 6.4a,b shows HAADF images for NaGdF4:Ce3+,Eu3+ and Figure 6.4d,e 

the images obtained for the iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+. In the case of 

NaGdF4:Ce3+,Eu3+ the result indicates that exists an homogeneous distribution of the Ce, Eu, 

Na, Gd and F elements into the ȕ-NaGdF4 matrix (Figure 6.4c). The EDS images for the iron-

oxide/SiO2/NaGdF4:RE3+ nanocomposite (Figure 6.4f) also indicates the successful 

combination of three phases, iron-oxide, SiO2, and NaGdF4:Ce3+,Eu3+ and show the Fe, Si, O, 

Ce, Eu, Na, Gd and F elemental spatial distribution. The calculated elemental % is collected 

together, for all the materials synthesized, and tabulated in Table 6.2 and Table 6.3. 

 

Table 6.2: Chemical distribution of elements in NaGdF4:Ce3+,Eu3+ samples 

 

 

 

 

 

 

 

 

Table 6.3: Chemical distribution of elements in iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ samples 

 

 

 

 

 

 

 

 

 

 

 

 
Spectrum 1 Spectrum 2 Spectrum 3 

Element Wt% 
Wt% 
Sigma Wt% 

Wt% 
Sigma Wt% 

Wt% 
Sigma 

F 67.62 14.03 73.46 15.8 67.62 11.94 

Na 12.48 02.21 8.63 1.17 14.03 2.32 

Ce 4.27 0.44 3.74 0.42 3.38 0.39 

Eu 2.04 0.25 1.97 0.23 1.64 0.20 

Gd 13.56 1.05 12.20 1.01 13.23 1.06 

 
Spectrum 1 Spectrum 2 Spectrum 3 

Element Wt% 
Wt% 
Sigma Wt% 

Wt% 
Sigma Wt% 

Wt% 
Sigma 

F 59.12 12.54 58.99 12.78 61.76 10.23 

Na 13.25 12.54 11.55 2.23 10.97 1.84 

Ce 1.85 0.26 2.05 0.27 2.56 0.31 

Eu 1.30 0.19 1.37 0.19 1.65 0.20 

Gd 11.16 1.02 11.63 1.03 13.14 1.08 

Si 0.45 0.18 0.54 0.20 0.43 0.14 

Fe 0.71 0.10 0.96 0.10 0.90 0.10 

O 12.16 3.19 12.88 3.50 8.60 1.72 
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6.3.1.3 Fourier transform infrared (FTIR) spectroscopy: The FTIR technique was 

employed to analyze further the NaGdF4:RE3+ (Fig. 6.5 a, b and d) and iron-

oxide/SiO2/NaGdF4:RE3+ nanostructured materials (Figure 6.5, c and e).238 The presence of 

clear IR band at 3476 cm-1, as shown in Figure 6.5 (panels a-e), was assigned to the vibrational 

stretching mode of surface O-H group. This band is weakened for the iron-oxide/SiO2/NaGdF4: 

RE3+ nanoparticles. The IR bands at 570 and 470 cm-1 are assigned to the Fe=O stretching and 

bending vibration mode, respectively, of iron-oxide, which are completely absent in the 

NaGdF4:RE3+ materials (Figure 6.5 a, b, and c).129 A more sharp band, around 1100 cm-1, is 

observed for the iron-oxide/SiO2/NaGdF4:RE3+ composites (Figure 6.5, c and e), and 

originates from the Si-O-Si bonds, indicating the presence of silica shell coated on the 

surface of the iron-oxide cores. Although a similar band is observed in other samples 

(NaGdF4:RE3+) without Si (see Figure 6.5a and 6.5b), in those cases are associated with 

the presence of C-H bonds (oleic acid, OA).237 The two strong bands centered at 1457 cm-1 

and 1640 cm-1 are associated with the asymmetric and symmetric stretching vibrations of 

carboxylate anions.237 The oleic acid was speculated to play an important role in growth and 

shape evolution.239 The FTIR results indicate that the adhesion of OA on the surface of 

nanoparticles is not a merely physical adsorption but preferentially adsorbed onto certain 

crystallographic plane. Strong interaction may exist between the RCOO- and the RE atoms on 

the surfaces, and such effect possibly blocked the growth along the radial directions and 

accelerated the nanoparticle‟s growth rate along the axial direction.239  

According to the Le Chatelier‟s principle, increasing the amount of OA in the solvent 

mixture would slow down the decomposition/desorption of oleate anions from the 

nanoparticles surfaces, thus strengthening the RCOO- and the RE atoms interactions, 

effect that could facilitate the anisotropic growth of the nanoparticles as observed 

through XRD and TEM analysis. In addition, the reduced decomposition rate of RE-

RCOO- with increasing OA concentration enhances the binding effectiveness of the 

RCOO- group on the surfaces of the growing nanoparticles, which can in turn protect 

them from self-aggregation. This process finds its foundation in the XRD/TEM analysis 

of the NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+.  Generally, with more oleic acid, the 

polarity of the solvent is enhanced and thereby increasing the solubility of NH4F. Moreover, 

oleic acid is a weak acid and hence supports to dissolve even more F- ion through a NH4F-HF 

pathway. As the ratio of 1-ODE:OA is higher for iron-oxide/SiO2/NaGdF4:RE3+ as compared 
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to NaGdF4:RE3+, thereby it promotes the formation/dissolution of RE(oleate) in the solvent by 

increasing their mobility. As a result, there is an increase in the growth rate along the radial 

axis of nanoparticle against that occurring parallel to the axial direction.  This leads to 

formation of ovoidal shape nanoparticles in case of iron-oxide/SiO2/NaGdF4:RE3+ materials. 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: FTIR spectra of (a, b and d) NaGdF4:RE3+ and (c and e) iron- oxide/SiO2/NaGdF4:RE3+ 

nanoparticles and (RE = Ce, Eu and Yb, Er). 
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6.3.2 Downconversion luminescence properties of Ce-Eu activated nanoparticles 

The excitation spectra of NaGdF4:Ce3+,Eu3+ and iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ 

nanoparticles were recorded in the range 200-500 nm at 300 K (Figure 6.6a), by monitoring 

the emission at 616 nm, which are assigned to the higher intensity 5D0 →7F2 transition of the 

Eu3+ ion. The excitation spectra of NaGdF4:Ce3+,Eu3+ and iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ 

presented a high intensity broad absorption band centered at around 254 nm, corresponding to 

the 4f(2F5/2)-5d interconfigurational transition of the Ce3+ ion. In addition, these materials 

showed a sharp intense narrow absorption lines at 271 nm and 392 nm, assigned to the 4f8–4f8 

transitions of the Gd3+ (6D7/2) and Eu3+ (5L6-8) ion, respectively. Additional secondary narrow 

absorption lines have also been detected, which are also assigned to the intraconfigurational 4f 

transitions, originating from the 7F0 ground state to the following excited states of the Eu3+ 

ion:237   5 D4 (361 nm), 5L7 (374 nm), and 5D2 (464 nm). However, the intensities of these broad 

absorption bands are lower than those associated to the Ce3+, Gd3+ and Eu3+ (5L6-8) cations. The 

presence and intensity of Ce3+ and Gd3+ excitation peaks in the excitation spectra indicate the 

existence of an energy transfer process being active from Ce3+ and Gd3+ to the Eu3+ 

luminescent ions. Excitation into the Ce3+ band at 254 nm yields weak and sharp emission of 

Gd3+ at 310 nm and weak emission of Ce3+ (300–400 nm), and strong emission of RE (Eu3+ 

ions) (400–700 nm) (red line) (Figure 6.6b).  

The photoluminescence (PL) emission spectra (Figure 6.6b) of the same samples under 

excitation monitored at 4f(2F5/2)5d along the interconfigurational transitions of the Ce3+ ion, 

show a number of characteristic intraconfigurational f–f transitions of Eu3+ which are 

associated with the transition from the excited level 5D0 to the ground levels 7FJ ( J = 1, 2, 3 

and 4) and are purely time dependent.237 Furthermore, the weak emission lines from the level 
5DJ (J = 1, 2) to the ground levels 7FJ (J = 1, 2, 3 and 4) are also observed.  The other 

transitions, 5D0 →7F1 (magnetic-dipole transition), 5D0 →7F3, and 5D0 →7F4, are found to be 

relatively weak for these samples.81  The presence of electric dipole transition confirms that 

Eu3+ ions are located at sites without inversion symmetry. In other words, for the hexagonal 

structure of NaGdF4, as stated above, cations usually occupy three different crystallographic 

sites, i.e., 1a, 1f, and 2h, among which 2h sites may normally be occupied by only sodium ions, 

1a and 1f sites are occupied by Gd3+ ions. The point symmetry of la and lf sites is C3h, which is 

a non-centrosymmetric system. Moreover, in terms of ionic sizes, the doped luminescent Eu3+ 

ions should occupy the 1a and 1f sites in the ȕ-phase NaGdF4.  
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Figure 6.6: (a) excitation, (b) emission spectra, (c) time decay measurement of  5D0 level of Eu3+ ion in 

optical magnetic NaGdF4:Ce,Eu and iron oxide/SiO2/NaGdF4:Ce,Eu nanoparticles. An energy 

transfer mechanism (Ce3+→Gd3+→Eu3+) is proposed in (d). 
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The related Judd-Ofelt parameters have been calculated (Table 6.4) and explained the observed 

reduction in the overall emission quantum efficiency, from 75 % to 42 %, the direct reasoning 

being the active participation of iron oxide in the quenching process.47 

 
Table 6.4: Experimental intensity parameters (Ωλ), lifetimes Ĳ (Figure 6.6), emission 
coefficient rates Arad and Anrad as well as emission quantum efficiencies  for the 
NaGdF4:Ce3+,Eu3+ and iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ nanophosphors. 

Materials Ω2 

(10-20 cm2) 

Ω4 

(10-20 cm2) 

Arad 

(s-1) 

Anrad 

(s-1) 

Atot 

(s-1) 

 

(ms) 

 

(%) 

NaGdF4:Ce3+,Eu3+ 2.1 2.7 158 51 209 8.20 75 

Iron-
oxide/SiO2/NaGdF4:Ce3+,Eu3+ 

2.1 3.2 165 43 208 6.50 42 

 

Emission decay curves of the samples are presented in Figure 6.6c. The obtained curves were 

fitted to bi-exponential decays, and provided good correlation coefficients. The derived two 

lifetimes, 8.20 ms and 6.50 ms for NaGdF4:Ce3+,Eu3+ and iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ 

respectively, originate from the same (5D0) Eu3+ ions. The Eu3+ ions in NaGdF4:Ce3+,Eu3+ and 

iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ nanophosphors occupy lattice sites inside the nanocrystals 

and on the surfaces, but the Eu3+ ions are surrounded by different environments in these two 

materials; thus, their lifetimes must be different, which is a direct evidence of the quenching 

induced by iron-oxide/SiO2 phases, featuring a decrement of 20 %.24 The derived lifetime 

values are known to be appreciable for Eu3+ in inorganic hosts but both are here shortened in 

the NaGdF4 matrix. 

Based on these data, the luminescence mechanism in the RE3+ doped ȕ-NaGdF4:Ce3+,Eu3+ and 

iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+ nanoparticles can be derived (Figure 6.6d). The electronic 

transitions within 4fn configurations of Eu3+ are strongly forbidden. However, the emission 

efficiency of Eu3+ can be greatly improved by exciting a sensitizer ion (i.e., Ce3+) with an 

allowed electronic transition, which transfers the excitation energy to the activator (i.e., 

Eu3+).237 During the emission process, the excitation energy is first absorbed by the 4f–5d 

transition of Ce3+, then transferred to the Gd3+, migrates over the Gd3+sub-lattices and finally to 

the Eu3+, where the energy is released in the form of fluorescent emissions.237 
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6.3.3 Up/downconversion luminescence properties of Yb-Er activated nanoparticles 

The visible upconversion luminescence spectra of the optical-magnetic 

NaGdF4:Yb3+,Er3+ and iron-oxide/SiO2/NaGdF4:Yb3+,Er3+ under infrared excitation (980 

nm) are shown in Figure 6.7a. The green luminescence between 510-570 nm can be 

assigned to the (2H11/2, 
4S3/2)→4I15/2 transition. A red emission is observed between 650 

and 680 nm, originating from the 4F9/2→4I15/2 transition, which is weak (~38%) 

compared to green lines. Additionally, the blue emission, which is attributed to the 
4G11/2→4I15/2 (~378 nm) and 2H9/2→4I15/2 (~411 nm) transitions of Er3+ ions, are also 

observed. The green emission line intensity of iron-oxide/SiO2/NaGdF4:Yb3+,Er3+ 

nanoparticles is approximately 50% of NaGdF4:Yb3+,Er3+. All these spectra and 

transitions fall in the visible region. Furthermore, a down conversion in the infrared red 

region was also observed after excitation of the nanoparticles at 980 nm (Figure 6.7a, 

inset). The emission at 1535 nm is assigned to the 4I13/2→4I15/2 transition of Er3+ and the 

emission intensity of iron-oxide/SiO2/NaGdF4:Yb3+,Er3+ is found 1.5 times less strong 

than the emission intensity of NaGdF4:Yb3+,Er3+ nanoparticles which assigned to the 

same transition. These results were validated from the time decay analysis of 
4I13/2→4I15/2 transition of Er3+; upon excitation at 980 nm, the life time of this emitting 

level decreased from 1.70 ms to 1.45 ms (Figure 6.7b). In conclusion, the surface 

properties and crystallinity of NaGdF3:Yb3+,Er3+ nanoparticles severely impact the 

different energy level transition of the doped ions, thus induce different emission 

intensity of red, green and blue light. 

The possible upconversion (UC) and downconversion (DC) mechanisms for the Yb3+ 

and Er3+ doped NaGdF4 nanoparticles are discussed hereafter on the basis of the energy 

level diagram presented in Figure 6.7c. Under 980 nm excitation, the Yb3+ ions are 

excited from the 2F7/2 level to the 2F5/2 level and then transfer their energies to the 

nearby Er3+ ions. The upper levels 4G11/2, 
4F7/2, and 4F9/2 of Er3+ ions are mainly 

populated by the following processes: (i) energy transfers (ETs) between Yb3+ and Er3+ 

(2F5/2→2F7/2: 
4I15/2→ 4I11/2, 

4I13/2→4F9/2, and 4I11/2→4F7/2), (ii) the excited state absorption 

of the pump radiation from the 4I11/2 and 4I13/2 levels, and (iii) the cross relaxation 

between Er3+ ions, as depicted in Figure 6.7c. Additionally, it can be seen from Figure 

6.7c that the UC emissions are all related to the population of the 4I11/2 level of Er3+ ions. 
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With the addition of cores iron-oxide/SiO2, the population of the 4I11/2 level decreases 

due to the phonon-assisted ET from Er3+ ions to semi-metal iron oxide.  
 

Figure 6.7: (a) Emission spectra, (b) lifetime decay curves in IR region for NaGdF4:RE3+ (RE3+ = 

Yb3+, Er3+) and iron-oxide/SiO2/NaGdF4:RE3+ (RE3+ = Yb3+, Er3+) nanoparticles, and (c) proposed 

energy transfer diagram from Yb3+ to Er3+. 
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Additionally, because the energy mismatch between 4F9/2→4I9/2 (Er3+) and iron oxide is 

small, the ET from Yb3+ ions to Er3+ ions can occur more effectively. As a result, the 

red emission from the 4F9/2 level was quenched heavier than that of the green emissions 

from the 2H11/2 and 4S3/2 levels, due to the light absorption by iron-oxide/SiO2 in the red 

region (see FTIR, Figure 6.5) as shown in Figure 6.7(c). 

The change in intensity and life of emitting level, as observed in Figure 6.6 and Figure 6.7, is 

mainly due to a significant change of nonradiative centers on the surface of iron-

oxide/SiO2/NaGdF4:RE3+ (RE = Ce, Eu and Yb, Er) nanoparticles, upon shielding effect of the 

protective shell. Iron-oxide and iron-oxide/SiO2 materials may provide a leakage path to the 

radiative electron from the emitting level when they are in sub-nanoscopic proximity to the 

luminescence center. Hence, the probability of absorption of the emitting radiation is increased 

and thereby the quenching phenomenon occurs. Additionally, the increased emission intensity 

may also result from the suppressed quenching induced by the outer shell material, namely the 

inherent emission of luminescent NaGdF4:RE3+ nanoparticles. Another probable reason is the 

participation of O-H ions (see Figure 6.5 c and d) as well as the overall system morphology. 

6.3.4 The CIE chromaticity and magnetophoretic separation: The emission color of red 

emitting and green-emitting iron-oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+ and Yb3+, Er3+) 

nanomaterials was evaluated by plotting the CIE chromaticity diagram (see Figure 6.8). The 

overall emission color was calculated and expressed according to the (x, y) CIE color 

coordinates, which has been marked as A (0.5966, 0.3722), B (0.5834, 0.3646), C (0.3412, 

0.6026) and D (0.3272, 0.6206). The red emission color was mainly due to the highest 

emission intensity contribution of the 5D4 - 
7F5 transition of the Eu3+ ion and green emission is 

due 4S3/2→4I15/2 transition of Er3+ ion.  

Magnetophoretic separation: In addition to magnetophoretic separation in magnetic field 

gradients, the particles are expected to align themselves with the external magnetic fields, due 

to their magnetic shape anisotropy with orientation and shape dependent properties. The 

magnetic nanoparticles alignment and their magnetic manipulation in situ is an additional 

property that can be exploited for the development of sensors, such as those related to the 

diagnostics of diseases down to cellular level. To illustrate better this concept, one simple 

experiment was carried out (Figure 6.8, right panel). The material was dispersed in hexane and 

placed in a quartz cuvette, displaying bright red emission under UV radiation (for iron-

oxide/SiO2/NaGdF4:Ce3+,Eu3+) and bright green emission under 980 nm laser irradiation (for 
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iron-oxide/SiO2/NaGdF4:Yb3+,Er3+). After placing the external bar magnet close to the cuvette, 

the particles moved in approximately 30 seconds and stacked together on the side of the 

cuvette, making a clear hexane solution. Besides, upon exposure to radiation, bright red 

emission (at UV excitation for iron-oxide/SiO2/NaGdF4:Ce3+,Eu3+) or green light (at 980 nm 

for iron-oxide/SiO2/NaGdF4:Yb3+,Er3+) were observed from the same corresponding place on 

the side wall of the cuvette near the magnet (Figure 6.8, right panel). This simple experiment 

clearly indicates that these bifunctional nanoparticles encode not only luminescence properties 

but also strong magnetic responses.  
 

 

 

 

 

 

 

 

 

 

Figure 6.8: CIE chromaticity diagram of optical magnetic NaGdF4:RE3+ and iron 

oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+ and Yb3+, Er3+)  nanoparticles (left panel) and illustration 

of simultaneous magnetic-luminescence characteristics (magnetophoretic) of iron-

oxide/SiO2/NaGdF4:RE3+ (right panel). Ce, Eu ions activated nanoparticles are red emitting, and Yb, Er 

activated nanoparticles are green emitting. 
 

6.3.5 Magnetic investigation of NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ 

nanoparticles 

To elucidate the magnetic properties of these systems, the magnetization loops for 

NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ nanoparticles were recorded at 300 K 

(Figure 6.9a). The observed MH curve (magnetization vs. field) for NaGdF4:RE3+ 
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nanoparticles indicated that these systems are paramagnetic with susceptibilities values of 0.8 

x 10-2 (NaGdF4), 1.38  10-2 (NaGdF4:Ce3+,Eu3+) and 1.06  10-2 (NaGdF4:Yb3+,Er3+), 

expressed in physical unit of emug-1Oe-1. On the other side, the sample iron-

oxide/SiO2/NaGdF4:RE3+ (RE = Ce, Eu and Yb, Er) showed superparamagnetic behavior at 

300 K, with negligible coercive field. The saturation magnetization of iron-

oxide/SiO2/NaGdF4:RE3+ nanocrystals was  1.2 emu/g. Compared to the susceptibility 

expressed by the same volume of reference iron oxide, there is a large decrease in the 

saturation magnetization for iron-oxide/SiO2/NaGdF4:RE3+ nanoparticles.147 This effect can be 

explained by the concomitant presence of interlocked physical effects:240 (i) the presence of 

thick shells and the organic coating (diamagnetic) on the iron-oxide nanoparticles, (ii) the large 

non-magnetic contribution to the weight of the sample, and (iii) the emergence of exchange 

couplings phenomena arising from the ordered core surrounded by disordered shell, because of 

the size of iron oxide core less than 5 nm (size-reduction effects). 

 

 

Figure 6.9: (a) The magnetic hysteresis loops taken at 300 K, and (b) Zero field cooling and field 

cooling (ZFC/FC) magnetization versus temperature data at 100 Oe of NaGdF4:RE3+ and iron-

oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+ and Yb3+, Er3+) nanoparticles.
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The temperature dependence (from 2 K to 300 K) of the magnetization was measured under an 

applied field of 100 Oe using ZFC/FC procedures, and the results are shown in Figure 6.9b. 

The ZFC and FC curves for iron-oxide/SiO2/NaGdF4:RE3+ merged at high temperatures (very 

close to 300 K) but bifurcated already at T > 250 K, indicating that the samples were 

superparamagnetic already at temperatures close to room temperature. 

6.4 Conclusion 

In this work, we described a microwave assisted thermolysis route that leads to the synthesis of 

NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ nanosystems. These materials encoded both 

optical and magnetic properties, and exhibited red and green emissions. The various processes 

of excitation/emission, energy transfer mechanism through Gd-sublattice mediated energy 

migration, UV down conversion, NIR up/down conversion and lifetime analysis, have been 

discussed and explained in detail. For the iron-oxide/SiO2/NaGdF4:RE3+ nanoparticles in 

particular, we found that the decrease in luminescence intensity and life time of the emitting 

levels were promoted by the iron oxide core but were not totally quenched. Therefore, using 

Gd based matrices, the combination of efficient up/downconversion mechanism coupled with 

the paramagnetic properties of Gd3+ in NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ 

nanoparticles resulted in the formation of new types of multifunctional nanomaterials. The 

synthetic strategy presented, it‟s easy to carry-out protocol and the diverse system 

morphologies obtained could be used as an inspiration to tailor further the properties of similar 

materials; for example, other Gd based nanoparticles doped with different activators, in order 

to achieve efficient dual-mode luminescence effects and to expand the library of available 

materials for biomedical applications in UV and IR optical window as well as for smart field 

detection. 
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Chapter ͹ 
Scintillation Experiment using Ionizing 
Radiation Source 

7.1 Introduction 

The detection of ionization radiation has been intensively investigated for over 6 decades due 

to its broad applications in areas closely related to society. These include scientific research in 

high energy physics, astrophysics, radiochemistry, nuclear physics, medical research,241 and so 

on.242,243 Industrial facilities also use x-rays,244 Ȗ-rays, neutrons, electron beams, or ion beams 

for diagnostics or characterization, especially in the commercial nuclear energy sector, and 

medical and dental diagnostics involving digital imaging.241,244,245 In addition, cutting-edge 

radiation detection technology is increasingly demanded in non-proliferation and national 

security applications where better energy resolution attained by semiconductors is not 

mandatory.246–248 

Most of these areas require the detection of various radiations with high spectroscopic 

resolution, rapid throughput and ease of operation, reliability, high sensitivity, and low cost. 

Modern detection system generally consists of detecting materials and assisting 

instrumentation. The scintillator is the active component and usually located at the interface 

between the ionizing radiation source and the electronic detection chain.249 The advancement 

of instrumentation has partially satisfied aforementioned requirements in radiation detection, 

though the development of new radiation detection materials is in great demand to address 

current challenges and future opportunities. Capability to detect a wide variety of radiations 

including Ȗ- and x-rays, charged particles and neutrons, the great variety in size and 

constitution of different specific scintillators make them as the best choice in different 

applications.250 

7.1.1 Parameters of scintillating material: Performance of any scintillation detector depends 

largely on the physio-chemical properties of the material. However, the ideal material should 

possess the following properties. 69,249,251 

• Decay lifetime: The time required for emission intensity to drop from some 100 % 

level to 1/e of that quantity (~ 37 %), where e is Euler‟s number. Faster decay times 
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generally indicate better measurements, allowing separation of nearly coincident 

events and less detector dead time between successfully registering events. 

• Linearity: A measure of the proportionality of detector response with incident energy. 

For scintillators, this is generally defined as some number of photons per keV 

deposited. Poor linearity affects the precision of spectroscopic measurements, limiting 

detector operations to some particular region where the scintillator response is still 

proportional. 

• Wavelength matching: The ability to tune the secondary photon output to the most 

sensitive (or lowest) noise regions of the accompanying Photo Multiplier Tube (PMT). 

Wavelength-shifters can increase the total luminescent output, each stage in the energy 

transfer chain may exhibit changes in pulse shape that make process modelling or 

consistent measurements difficult to achieve. 

• Materials stability: Qualities of the scintillator in terms of resistance to large 

radiation dosages and environmental factors such as photobleaching, vibrational 

sensitivity, hygroscopicity limit the detector‟s useful lifetime. This should be 

considered as a financial modifier when designing low-cost installations. 

• Structure: The physical qualities, other than stability, which recommend or 

discourage a material for a particular project. These include the maximum production 

size and shape of a scintillator block, the effective density for absorbing the targeted 

radiation type (s), and the clarity of the material to emitted secondary photons.  

No material simultaneously meets all these criteria, and the choice of a particular scintillator is 

always a compromise among these and other factors and the optimization of these parameters 

largely contributes to improving detector efficiency. The ability of a detector system to 

distinguish between radiation from threatening and non-threatening sources depends on its 

capability to unambiguously resolve radioisotope-decay energy signatures.  

Since the discovery of NaI(Tl) crystal, as an standard scintillation material, significant effort 

has been put into the research and development of new scintillators for detection of nuclear 

radiation.252,253 Discovery of Bismuth Germanate (BGO) scintillator, CsF, Ge-detectors, 9B, 
3He, plastic detectors, and BaF2 brought new perspectives for scintillation detection. Numerous 

chemical compounds were studied as potential scintillators crystals, such as Gd2SiO5(GSO), 

Lu2SiO5(LSO), YAlO3:Ce (YAP), LuAlO3:Ce (LuAP), PbWO4 (PWO), CeF3, etc., and are 

proposed for different applications in physics, medicine, etc.69,74,249,254,255 Except these 
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materials, several different approaches are used for design of radiation detecting materials such 

as plastic scintillators, dyes, and liquid scintillators. These materials are still used 

commercially.256,257 

NaI single crystals are used for gamma radiation detection but can also be used to detect slow 

neutrons due to isotope 127I. This crystal and CsI(Tl) are among the most widely used 

commercial scintillating materials, even with increased application of plastics for large format 

installations.7 However, recently developed LaBr3 (Ce) scintillators may eventually replace 

NaI(Tl) for spectroscopic identification. This lanthanide compound has high light yield of 

63,000 photons/MeV and energy resolution of 2.9 % for 662 keV gamma radiation. The blue-

shifted emission peak at 380 nm matches well with sensitive peak of most PMTs.258 These 

crystals have even greater luminescence, shorter decay times, and higher resolution. However, 

the main challenge with the lanthanides is the difficulty in growing large size crystals. The 

bulk single crystal scintillators are difficult and expensive to produce, there is little flexibility 

for exploring and adjusting their chemical composition, or looking for alternative dopants and 

crystal shapes. These crystals also have drawbacks such as anisotropy in thermal and 

mechanical properties and hygroscopicity, and the lack of ruggedness and design flexibility 

pose more restrictions on these bulk scintillators, greatly reducing their ability to face the rigors 

of an uncontrolled environment. More interesting researches are now focused on lanthanides to 

resolve such issues.247,252,259–263 

7.1.2 Lanthanides and need of nanoparticle scintillator 

The lanthanide elements (Z = 57 – 71) are a group of elements that share similar chemical 

properties with outer electron configurations composed of 5d and 4f electron shells. This 

similarity means that the series forms similar crystalline structures and therefore substituting 

between them in crystalline lattices does not lead to degradation of the overall structure of the 

crystal.12 Furthermore lanthanides are also used for radiation detection and on a macro-scale, 

traditionally lanthanides have been exploited as detector media, because of the large cross 

section for either neutrons or gamma/x-rays.255 Neutron counting has been accomplished by 

exposing a dysprosium foil to a neutron flux, and then using a Geiger counter, to count the beta 

decays that result from the transmutation of the dysprosium into holmium. LaBr3(Ce), CeF3 

and other crystal scintillators doped with rare earth ions are already in trend.74,255,256,264 There 

has been an effort to create nanoscale crystals which can then be encapsulated and protected 
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from the environment, making these types of detectors much more durable than current macro-

scale crystal based systems.  

Nanocrystals offer many benefits. The engineering of nanostructure materials with tunable 

optical and scintillating properties is an issue that can offer new alternatives and solutions to 

the constraints discussed above. Compared with their bulk counterparts, nanocrystalline 

colloidal scintillators are comparatively easy to produce, flexible, and potentially less 

expensive than single crystal scintillators.74,256,257,262 The nanocrystal size is much smaller than 

the wavelengths of excitation and emission being studied and therefore cause minimal 

scattering, allowing for the device to be optically clear. The nanocrystalline size and ability to 

functionalize their surface, chemistry allows us to incorporate them into several ways such as 

different polymers (carbon), dyes, colloidal form, powders etc. This allows them to be made 

more rugged, protecting the crystalline structure. Carbon based polymers add benefit of 

thermalizing the neutrons. Further to meet all the parameters, selection of such material for 

nanoscale design and engineering becomes very important.1,12,13 Embedded nanocrystals with a 

large neutron cross section (Gd, Cd, Li etc.) based detectors are also used to enhance their 

ability to detect certain types of neutron radiation. This is just a narrow look at a few 

applications that can be found for lanthanide containing nanocrystals, and there is an ever 

growing list of applications. 

A single crystal detector is only sensitive to medium boundaries at a limited surface area and 

optical coupling is aided by the application of optical grease. Further, coatings of teflon tape or 

reflective material increase the quantity of incident light that is eventually directed into the 

PMT. For an assembly of nanoparticles, even those in polymers or other matrices, each inter-

particle gap represents at least two transitions in materials of disparate refractive indices; this 

often leads to a visible loss of transparency and the scattering of light throughout the material. 

The result of this is that nanoparticle samples must produce an immense number of scintillation 

photons to overcome the scattering and trigger an appropriate count from the PMT and 

multichannel analyser.  Many inorganic scintillators require a high-temperature synthesis route, 

reducing their capability of accepting surface modifications. Without adjustment of their outer 

bonding structures, the particles aggregate in monomer precursors, curing into an opaque 

product, or one with a very low nanoparticle loading level, and subsequently dim 

luminescence. 
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In this work, we focused on the nanoscintillators themselves, without considering interaction 

with a matrix, in which these particles may be embedded.261 Due to their intrinsic structural 

and optical properties, lanthanum fluoride (LaF3) nanocrystals proved to be a good host for 

scintillating response to gamma and neutron irradiation,74,250 with potential impact in detection 

and spectroscopy applications.265 The most remarkable pros of LaF3 regarding scintillation 

application are following.237 

• Its large solubility for all of lanthanide ion groups, which gives versatility for ad-hoc 

engineering design. 

• Minimal quenching of the electron-hole (e-h) excited states due to its low energy 

phonons and guest ion rattling modes. 

• Its chemical stability, which has an advantage against the classic and more recent 

hygroscopic counterparts when exposed to open air conditions (such as NaI, LaBr3). 

However, there are some drawbacks to lanthanide halide detectors such as 

• Internal radioactivity of some lanthanides that contributes to spectral counts.   

• A poor low-energy response that can cause detector resolution to be lower than that of 

NaI (TI) below 100 keV. 

The selection of dopants becomes very important in optically inactive LaF3 matrix. We have 

prepared two types of LaF3 matrix: (i) LaF3:Ce3+,Gd3+,Eu2+/3+ and (ii) LaF3:Ce3+,Gd3+,Tb3+. In 

scintillation mechanism, generally two terms are being used namely activators and wavelength 

shifters. Among the fastest activator centers known for gamma ionizing radiation detection 

through inelastic collisions, are Ce3+, Eu2+, Pr3+, and Nd3+ ions.244,250,261 Although Ce3+(or 

Eu2+) center exhibits light output emission wavelengths in the UV-Visible range of 300 nm to 

550 nm in different crystalline environments of hosts. Therefore Ce3+ or Eu2+centres are more 

convenient because they satisfy both requirements; here namely sharp decay time, and soft 

UV-Visible output light emission that can be matched with the sensitivity of available 

photocathodes of PMTs.  

The co-doping ion mechanism of these scintillators can be a way to enhance the light yield 

output. Natural wavelength-shifters of the group of the lanthanide ions (such as co-doping 

acceptors Tb3+, Yb3+, Eu3+) can be used to enhance the light yield through a down-conversion 

process, i.e., through energy transfer between donor and acceptor centres.  

With the aim to make the nanoscintillator sensitive to neutron radiation, gadolinium (Gd) is a 

suitable ion for neutron conversion due to its superior thermal neutron absorption cross-section 
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mainly because of the neutron absorption produced in 157Gd.74,248,263 After the neutron capture 

in 157Gd, the 158Gd isotope emitting prompt gamma rays, internal conversion electrons, and x-

rays. Hence doping of Ce and Gd may find its potential in both neutron detection and gamma 

ray spectroscopy. 

7.1.3 Neutron detectors  

There are different types of detectors (6Li, 9B, 3He, 157Gd etc.) available to detect neutrons 

although we are discussing only two main types namely helium and gadolinium detectors. 

 (i) Helium detectors: The detection process is based on the reaction  
1n + 3He → 1H (0.573 keV) + 3H (0.191 keV)                                                                    (7.1) 

For the thermal neutrons, the cross-section for this reaction is 5330 barns and it is known as 

the best neutron detector. The interaction of 3He with neutrons can be explained as: the 

daughter products of the reaction move in opposite directions and produce an output pulse 

proportional to 0.764 keV. This pulse can be detected and distinguished easily from signals 

created by gamma rays or other types of ionizing radiation. This makes 3He an ideal detector 

for thermal neutrons. Because of this, detectors based on 3He are superior to other detectors. 

However, the issues involved with these detectors are: (a) required electronics to actively 

monitor the detector, and (b) the availability and cost of 3He.266 

(ii) Gadolinium detector: The detectors usually take advantages of high cross-section capture 

reactions, inducing charged ions easily separable from recoil electrons. Though gadolinium and 

cadmium isotopes have the highest capture cross-sections for thermal neutrons, prompt gamma 

rays from the radioactive capture cannot be easily discriminated from natural background 

gamma rays.259 Indeed, the capture of a neutron by 157Gd forms a 158Gd* nucleus within an 

excited state. The return to a fundamental state of energy is promptly mediated by the emission 

of gamma rays. However, gadolinium-based detectors have been developed to address 

alternative neutron measurement. The first approach consists in loading gadolinium into 

scintillation detectors such as the Gd doped HfO2 or the LGB (lithium gadolinium borate) 

crystal.248 The reaction associated with the de-excitation of a Gd nucleus follows the 

absorption of thermal neutron nuclear reactions: 
155Gd + 1n→156Gd*→156Gd + Ȗ + X + ICe- + Ae-                                                                   (7.2) 
157Gd + 1n→158Gd*→158Gd + Ȗ + X + ICe- + Ae-                                                                   (7.3) 

where the gamma rays labeled as Ȗ; x-rays as X, internal conversion electron as ICe- and Auger 
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electrons as Ae- are known as electron source term. Table 7.1 summarizes major data set for 

selected isotopes with high thermal neutron source. 

 

Table 7.1 Data for isotopes with high thermal neutron cross sections 

 

7. 2 Testing and experimental preparation 

Evaluating a newly synthesized material for radiation flux from 241AmBe involves several 

stages of characterization and analysis. The most important of these is luminescence 

performance, tested through ultraviolet (UV) excitation. The second aspect of important 

concern is the structural and compositional scrutiny, whereas the third one is the visual 

transparency, and confirmation of performance with radiation activation. All experiments 

related to structural/morphological/photoluminescence characteristics of the LaF3: Ce, Gd, Eu 

are discussed in chapter 4. LaF3 nanocrystals doped with Ce3+(Eu2+) as the activator centre 

Target 
Isotope 

Cross 
section 
(barns) 

Natural 
abundance 

Target 
half-life 

Reacti
on 

Reaction 
Product 

Product 
half-life 

Final 
produc
t 

Xe-135 2665000 0% 9.14 
hours 

(n,Ȗ) Xe-186 Stable  

Gd-157 253000 24.80% Stable (n,γ) Gd-158 Stable  
Gd-155 60700 14.80% Stable (n,γ) Gd-156 Stable  
Sm-149 40520 13.80% Stable (n,Ȗ) Sm-150 Stable  
Gd-153 40520 0% 240 days (n,Ȗ) Gd-154 Stable  
Cd-113 20720 12.22% Stable (n,Ȗ) Cd-114 Stable  
Rh-105 15840 0% 35.4 

hours 
(n,Ȗ) Rh-106 30 s Pd-106 

Sm-151 15140 0% 90 years (n,Ȗ) Sm-152 stable  
Eu-152 12790 0% 13 years (n,Ȗ) Eu-153 Stable  
Eu-151 9184 47.80% 1.7E18 y (n,Ȗ) Eu-151 13 years Sm-152 
He-3 5330 0.000137% Stable (n,Ȗ) H-3 12.3 

years 
He-3 

B-10 3840 19.80% Stable (n,Ȗ) Li-7 Stable  
Eu-155 3760 0% 4.7 years (n,Ȗ) Eu-156 15.9 

hours 
Gd-156 

Dy-165 3530 0% 2.3 hours (n,Ȗ) Dy-166 81.6 
hours 

Er-166 

Hg-196 3078 0.15% Stable (n,Ȗ) Hg-197 64 hours Au-197 
Os-184 3000 0.02% Stable (n,Ȗ) Os-185 94 days Re-185 
Dy-164 2653 28.18% Stable (n,Ȗ) Dy-165 2.3 hours Ho-165 
Li-6 940 7.59% Stable (n,Ȗ) H-3 12.3 

years 
He-3 



144 

 

(donor), Eu2+/3+ as the wavelength-shifter center (acceptor), and Gd3+ as the neutron captor 

agent is selected for the scintillation experiment. The motivation behind this work was to 

maximize the out coming scintillating light at the desired wavelength range close to the 

maximum sensitivity of the photocathode‟s material, λ ∼ (450 ± 50) nm and to detect the 

radiation (gamma/neutron). The use of Eu3+ as wavelength-shifter is supported by the previous 

work.265 Following subsections explain the preparation before the radiation detection 

experiments under irradiation of high energy. Figure 7.1 shows the schematic diagram of the 

whole experimental setup, consisting of nuclear electronics, Photo Multiplier Tube (PMT) and 

standard NaI (Tl) scintillator or nanoparticles sample. 

 

 

 

 

 

 

 

 

 

Figure 7.1: Block diagram for a scintillation detector system.

 

7.2.1 Shielding chamber: A lead chamber was designed to protect from radiation as shown in 

Figure 7.2. A thick polyethylene slab was used inside the lead chamber close to walls to reduce 

the neutron flux outside the shielding chamber. The purpose of shielding is to reduce the 

background count rate of a measurement system as well. Shielding reduces the background 

count rate by absorbing some of the components of cosmic radiation and radiations emitted 

from materials in the surroundings of the measurement system. Ideally, the material used for 

shielding should itself be free of any radioactive material that might contribute to the 

background. In practice, this is difficult to achieve as most construction materials contain at 
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least some naturally radioactive species (such as 40K, members of the uranium and thorium 

series, etc.).  

 

Figure 7.2: A complete experimental conditions for the experiment, showing engineering of shielding 

chamber, electronics involved, physical experimental condition, sample holder.  

 

 

7.2.2 Standard detector and sample holder: The scintillation detector is illustrated in Figure 

7.3. Our detector has a 2×2 inch cylindrical NaI(Tl) scintillation crystal which is activated with 

about 1 part in 103 thallium impurities. Through various processes, a gamma ray passing into 

the crystal may interact with it creating many visible and ultraviolet photons (scintillations). 

This detector has been used to calibrate the overall instrumentation. The standard size and 

shape of a sample holder has been prepared using standard volume of NaI(Tl) scintillators. 



146 

 

Aluminium (Al) has been chosen to fabricate sample holder (cane) because, (a) it is transparent 

to gamma and neutron irradiation, and (b) it is the cheapest available material in the laboratory. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: Hasshay NaI(Tl) commercial scintillator. The left top image is Hasshay packaged 

scintillating crystal. On the right is the schematic provided by the manufacturer, in their specification 

sheet. The left bottom image is Aluminum sample holder made in laboratory and it contains equal 

volume as Hasshay NaI(Tl) scintillator. 

 

 

7.2.3 Real experimental setup used: Scintillation events have been detected using aluminum 

cane as sample holder (prepared by considering the active volume of NaI(Tl) crystal) with a 

Hamamatsu R7449 quartz-window bi-alkali photomultiplier tube (PMT) at a bias of 1000 V 

with peak at 420 nm. The electronic signal from the PMT was processed using Ortec 113 

preamplifier, Ortec 570 amplifier, pulse shaper, and Ortec Illusion 25 multichannel analyzer. 

Data were analyzed using Ortec Maestro-32 software on Windows operating system.267 The 

cane that contained LaF3:5%Ce, 5% Gd, y%Eu (y = 10 mol. %) nanoparticles solution was 

fixed with PMT in reverse order by teflon tape to improve light collection and to avoid 

evaporation of solvent. A Cd sheet has been used to stop thermal neutrons. The polyethylene 

cylinder was used as moderator and reduces the energy of fast neutrons emitted by the source, 

thereby turning them into thermal and epithermal neutrons. The radioactive source was placed 

in this polyethylene cylinder and kept 10 cm away in lateral direction from the centre of 

NaI(Tl) 

Aluminum Sample holder 
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sample holder. All measurements were taken over a fixed live time (counts per live time 

(counts/s)). All these experiments were carried out at Bariloche Atomic Centre, Argentina. 

7.2.4 Electronics used: The instruments used and tested to perform scintillation experiments 

are high voltage power supply, Preamplifier, linear amplifier, Multichannel analyzer (MCA), 

Photomultiplier tube (PMT). The specifications of the electronics utilized during the 

experiment are mentioned below. 

 ORTEC Model 556 High Voltage Power Supply is a standard double width NIM   

module that provides either polarity of output voltage from 50 V to 3000 V, 0 to 10 

mA. 

 Canberra Model 556A  Acquisition Interface Module (AIM) 

 The ORTEC Model 579 wideband Fast filter Amplifier with Gated Baseline Restorer. 

 Model 8701 ADC is a 100 MHz Wilkinson analog to digital converter designed to 

provide a full 8192 channels of resolution in a wide range of applications. 

 A multichannel analyzer (MCA) is an electronic instrument which can collect the entire 

spectrum at once. MCA consists of an analog-to-digital convertor (ADC), memory, and 

a method of display. The ADC is a specialized type which measures only the maximum 

height of the pulse corresponding to a radiation event. Since it takes a finite amount of 

time to measure a pulse, the MCA must close off its entrance to further pulses to 

prevent correct measurement of the one it is working on. This processing period is 

called “dead time” and must be accounted for. 

 A photomultiplier tube (PMT) is a device that creates an electric charge in proportion to 

the amount of light energy that it receives. The charge is typically integrated throughout 

some critical time period and is taken as a measure of the input light energy.   

7.2.5 Sample preparation: Oleic acid coated LaF3:Ce, Gd, Eu nanoparticles were dispersed 

and tested in several non-polar solvents. Toluene was found to be the best solvent and a fixed 

concentration (0.65, 0.85, and 1; in mg/mL) of nanoparticles was prepared by dispersing in 

toluene and ultrasonication for 1 hour. However, the stability of dispersion was its best for 5-6 

hours only. The samples were prepared using 100 mL of toluene to fill completely the active 

volume of the sample holder (aluminum cylindrical cane). All testings were done with neutron 

source with and without Cd sheet. 1 mm Cd sheet works as the stopper for the thermal 

neutrons, but fast neutrons emitting from the source penetrate this Cd sheet (neutron captor 
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cross section for Cd is 20700 barns). To increase the number of thermal neutrons/slow 

neutrons, the neutron source was kept in a polyethylene cylinder that increases the number of 

neutrons falling on the sample holder. A teflon tap was used to tie the PMT and sample holder 

to make better optical coupling. The 241AmBe source was kept 10 cm away from the centre line 

of sample holder/PMT 

7.2.6 Specification of radiation source: A medium intense neutron source of 241AmBe (106 

neutron/s), purchased from Spectrum Technologies, has been used in current spectrum to test 

LaF3:5%Ce3+, 5%Gd3+, y%Eu2+/3+ nanocrystals for scintillation experiments. Untagged gamma 

and tagged-neutron are yielded from 241AmBe radiation source. Very low-activity mono-

energetic gamma source (60Co and 137Cs) has also been used, that were purchased from 

Spectrum Technologies during installation of electronics and calibration of standard crystal 

scintillators NaI(Tl).  

 

7.3 Results and discussion 

A better response and well resolved spectra were obtained from the sample for a concentration 

of 1 mg/mL. In case of irradiation of 241AmBe radiation source, three sets of measurements 

were taken for the colloidal sample of nanocrystals. These measurements were repeated several 

times, for different times of irradiations and the results obtained were plotted as counts/second 

versus channel number. Before, starting the actual experiment, the background was measured 

and then later on subtracted from the experimental data. The major contribution comes from 

the electrical/electronic noises along with background signals due to activated shielding 

chamber and other materials inside. Average background counts limited around 200 channels 

and only a few counts were observed beyond 200 channels. The neutron source 241AmBe was 

placed in the detection array, inserted in its hydrogenated moderator cylinder (polyethylene), 

allowing majority of slow/thermal neutrons which were stopped using 1 mm thick Cd Sheet. 

The sample holder contained the nanoparticles dispersed in toluene. The experiments were 

carried out for ~ 240 minutes. The average spectrum was plotted in counts (per live time) 

versus channel number. Few counts were observed. The same procedure was repeated without 

Cd sheet. It allowed all the emitted neutrons directly on the sample holder containing 

nanoparticles dispersed in toluene, after moderated by polyethylene cylinder. The experiments 

were also performed for ~ 240 minutes. The average spectrum was plotted in counts (per live 
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time) versus channel. Clear distinctions from the previous steps were observed. The results 

after background subtraction are shown in Figure 7.4. 

The 241AmBe source has low energy gamma emissions along with high energetic decaying 

neutrons (fast & slow neutrons) of great energy. The measured pattern of 241AmBe with the 

moderator and without Cd sheet showed higher absolute counts when compared with 

moderator and with Cd sheet. Therefore, considering that the 241AmBe gamma ray contribution 

is approximately the same in both experiments (with and without Cd sheet), it is possible the  

contribution of some lower energy gamma rays from the moderator due to the de-excitation of  

H atoms which have captured a neutron.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: An average spectra of count versus channel (counts were measured per live time in second) 

upon irradiation of high energy from 241AmBe source. 

 

Furthermore, when Cd sheet is present there, it may also emit gamma radiation, upon 

interaction with thermal neutrons and also contribute in scintillating activity. However the 

important observation was a great decrease in counting rate detected from the Gd-containing 

nanoparticles (LaF3:5%Ce3+,5%Gd3+,10%Eu2+/3+), using the 241AmBe source with the use of 
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Cd material, in comparison with the counts detected from without stopping of thermal neutron 

situation (Figure 7.4, radiation source with Cd sheet)). Even without moderator/stopper 

material some counts can be seen over background with a similar shape of that observed for 

thermal neutrons due to the moderation of fast neutrons mainly in the host of the sample 

(background). The larger change in count rates in Gd containing nanoparticles is mainly due to 

the absorption and detection of thermal neutrons followed by the emission of conversion 

electrons with energies up to about 1 MeV. Also the high counting at lower pulse heights 

(lower channel numbers) in Figure 7.4 depicts the well-known wall effect in neutron detectors. 

For this sample concentration, a minimal wall effect can be produced in the walls of the sample 

container (when the electrons emitted after the nuclear reaction reach the walls of 

the container).265,268,269 Another more probable possibility is consistent with the small size of 

each nano detecting particle, as the energy brought to play by each neutron capture reaction is 

partially lost when the resulting electrons during transfer of energy reach the surface of the 

individual nano detector. This happens because those electrons lose kinetic energy through 

interactions with other electrons, which will play their role in the scintillating mechanism. This 

process is abruptly ended when they reach the surface. Thus, smaller the detector volume, 

greater is the wall effect. As a consequence, the apparent observation of wall effect may tend to 

yield further evidence of neutron detection in the studied system. 

 

7.4 Conclusion 

To summarize, we have tested colloidal nanoparticles LaF3:Ce3+,Gd3+, Eu2+/3+ for high energy 

radiation detections. We have observed that the PMT is sensitive at around 450 nm which is 

due to superposition of short lived Eu2+ (350-550 nm) along with long lived Eu3+ emission. 

Interestingly, the colloidal nanoparticles under irradiation of 241AmBe source have clearly 

differentiated the detection of mainly the thermal neutrons along with gamma radiation. Finally 

our experimental investigation has provided an opportunity explaining the real potential 

candidature for the radiation detection and possible alternatives to replace the traditional 

materials. 
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Chapter ͺ  
Conclusion and Future Perspective 

8.1 Conclusion  

The objective of the present thesis was to develop magnetic–luminescent bifunctional 

nanoparticles using wet chemical routes to explore and improve the luminescence and 

magnetic properties for application in radiation detection. To realize, we have presented (i) 

LaF3:RE3+ (RE = Ce, Gd, Eu), (ii) LaF3:RE3+ and iron-oxide/ZnS@LaF3:RE3+ (RE = Ce, Gd, 

Tb), and (iii) NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ (RE = Ce, Eu; and Yb, Er) 

nanoparticles. The major results obtained during the development of such bifunctional 

nanomaterials are summarized below. 

 
(i) LaF3:RE3+ (RE= Ce, Gd, Eu) nanoparticles 
 The polyol synthesis of triply doped LaF3 along with in-depth investigation of energy 

transfer mechanism, photoluminescence and magnetic characteristics have been 

described. 

 The presence of Eu2+ cations on the increasingly doped system, 

LaF3:xCe3+,xGd3+,yEu3+, had a profound effect on the witnessed color of the fluoride 

luminescence, which spread from blue-white to red as a result of the band 4f65d1/4f7 

transitions of Eu2+. 

 The Judd-Ofelt parameters were fully calculated and showed the greatest efficiency (85 

%) of the LaF3:xCe3+,xGd3+,yEu3+ (x= 5, y= 10 mol.%) system.  

 Besides optical properties, the reported materials LaF3:xCe3+,xGd3+,yEu3+, were 

magnetically active, and exhibited paramagnetic behavior in the temperature range of 

from 2 to 300 K. 

(ii) Iron-oxide/ZnS@LaF3:RE3+ (RE = Ce, Gd, Tb) nanoparticles 

 The luminescence and magnetic nanocomposites containing triply doped 

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y =5, 10, 15 mol.%) were successfully 

prepared by multistep synthesis procedure. 

 This bifunctional nanomaterial displayed good emission intensity from the 5D4
7F6-0 

transitions of Tb3+ ion when excited at the 4f5d interconfigurational transition of Ce3+ 
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and supported by Gd3+ ion. The luminescence decay profiles suggested probable 

concentration quenching for the 5D47F5 transition of Tb3+ ion by cross relaxation 

mechanism. 

  Structural and morphological studies using XRD and HRTEM with EDS mappings in 

scanning TEM mode, supported by dc magnetic measurements revealed the 

nanocrystalline, high magnetic saturation and superparamagnetic nature of the 

bifunctional nanocomposite at 300 K. 

 The demonstration of the simultaneous strong green emission  under control of field by 

bar magnet, profound the claim “action at distance” characteristic which means that 

nanoparticles can be manipulated by an external magnetic force. This provides 

tremendous advantages in many applications 

(iii) NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ (RE3+ = Ce3+, Eu3+; and Yb3+, Er3+) 

nanoparticles 

 A new approach for microwave assisted thermolysis route was used to prepare 

NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ nanosystems, which encoded both 

optical and magnetic properties, and exhibited red (RE3+ = Ce3+, Eu3+) and green (RE3+ 

= Yb3+, Er3+) emissions. 

 The various processes of excitation/emission, energy transfer mechanism through Gd-

sublattice mediated energy migration, UV down conversion, NIR up/down conversion 

and lifetime analysis have been discussed. 

 The combination of efficient up/downconversion mechanism coupled with the 

paramagnetic properties of Gd3+ in NaGdF4:RE3+ and iron-oxide/SiO2/NaGdF4:RE3+ 

nanoparticles resulted in the formation of new types of multifunctional nanomaterials. 

 The illustration of “action at distance” characteristic shows strong red (green) emission 

under an external magnetic field and nanoparticles can be manipulated by an external 

magnetic force.  

(iv) Scintillation experiments using ionizing radiation source 
 

 We have tested successfully the colloidal nanoparticles LaF3:Ce3+,Gd3+, Eu2+/3+ for high 

energy radiation detections. 

 Under irradiation of 241AmBe source have clearly differentiated the detection of mainly 

the thermal neutrons along with gamma radiation. 
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 Our experimental investigation has provided an opportunity explaining the real 

potential candidature for the radiation detection and possible alternatives to replace the 

traditional materials. 

In brief, this thesis provides a platform to understand the combinatorial investigation of 

magnetic and luminescence characteristics of nanoscaled bifunctional systems. Several 

characterization techniques were used to understand and explore these bifunctional materials. 

The simultaneous light emission from nanoparticles under an external magnetic field provides 

the potential application of such magnetic-luminescent bifunctional nanoparticles in the field of 

biomedical applications, smart field sensing devices, and magnetic light converting molecular 

devices. Finally, bifunctional luminophores were tested for scintillation application which 

further encouraged in development of nanodetectors for high energy radiation.  

 

8.2 Future Perspective 

Although there are many exciting potential applications for such bifunctional nanomaterials, 

and researchers are mainly interested in biomedicals at clinical levels and sensor devices, 

considerable challenges and issues remain to be resolved. For example, heterogeneity of 

nanomaterials remains a major problem and it is hard to precisely control the number of 

functional materials on the surface of nanoparticles that have precise composition, uniform 

surface modification and reproducible functionalization. Therefore, it is necessary to further 

explore multifunctional magnetic-luminescent nanoparticles for designing successful 

application oriented materials. 

We believe that the research pursued in this dissertation project lays the groundwork for others 

in the field of nanomaterial synthesis and applications. The most important part of the future 

research is developing such nanomaterials combining enhanced magnetic and optical 

properties, which could make these materials a better choice for various technological 

applications. We would like to mention following points to further expand this work keeping in 

view future prospective. 

 The valuable insights gained from the preparation of several bifunctional nanoparticles 

with precise control of size/shape can be extended to synthesize other Ln-fluoride based 

bifunctional nanoparticles, using different core-shell/shell or composite templates for 

different (alkali) rare earth fluoride based matrices. One may select suitable co-dopants 

by using different synthesis techniques to achieve rainbow color tunability. Also, 
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investigating hybrid nanoparticles with magnetic entities and lanthanides, one can 

explore novel physical phenomenon such as magntoluminescnce (creating 

luminescence using external magnetic energy) and magnetoacoustic.  

 The materials containing magnetic nanoentity along with luminescence materials have 

possibility to explore magnetic light converting molecular devices (MLCMDs) by 

applying external magnetic field. On the other hand, controlling the luminescence under 

external pulsating magnetic field in lanthanide based luminophores may have very 

exciting results related to applications in telecommunications and aircraft-guidance. 

Few reports suggest the sensitivity of luminescence to the magnetic field that may 

enable the application of such nanomaterials in smart remote sensing and biomedicine. 

Besides, several biomedical/bioclinical applications these nanomaterials have great 

scope in solar energy conversion, bar-codes and other security tags and in forensic 

sciences.  

 The one most important objective of design and development of such materials were 

“Demonstration of nuclear radiation nanodetectors based on colloidal nanoparticles 

with unprecedented performance: biomedical application”. Hence, testing of 

bifunctional materials for scintillation application will be more rigorous and 

quantitative in terms of designing nanoscintillators as detectors for homeland security 

applications and equally to design magnetic-radioluminescent nanomaterials for tissue 

imaging and tomography.   
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