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ABSTRACT

The most ambitious and fascinating application of luminescent nanomate-
rials is probably related to medicine and molecular biology. Here, luminescent
nanomaterials are promising tags for optical imaging and fluorescent label-
ling to allow for novel techniques of non-invasive diagnosis and in vivo obser-
vation of complex vital functions. The current work is a summary of the sys-
tematic spectroscopic studies of actual nanosized luminescent complex oxides
(LaPO,:Ce, Tb; YVO,:Eu; Y;Al;0,,:Ce (YAG:Ce); ZnWO,; NiWO,) with an at-
tempt to analyse the electronic relaxation processes performed using energy and
time-resolved luminescence spectroscopy. The experiments have been carried
out utilising European synchrotron centres: i) The Superlumi endstation of I3
line of DORIS III storage ring at DESY (Hamburg, Germany); ii) The lumines-
cence endstation of the FinEst undulator beamline of MAX III storage ring at
MAX IV (Lund, Sweden). The examinations focused on the energy transfer pro-
cesses within the rare-earth ions leading to the optical transitions. The influence
of the different parameters such as temperature, doping concentration, and ini-
tial excited state were treated to provide complementary information concern-
ing the electronic structure as well as electronic excitations in nanophosphors.
A significant difference in luminescence properties between the nano and mac-
roscopical analogues was found in the current work. The results achieved show
that small nanoparticle size and loss centres related to the surface of a nanopar-
ticle are responsible for changes in the luminescence properties of nanosized
complex oxides.
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1. INTRODUCTION

1.1. Motivation

Inorganic luminescent materials belong to important luminescent material
classes that have intensive application in the lighting of industry, displays, secu-
rity purposes and high energy physics. Nanosized luminescent materials (nano-
phosphors) are of interest for all applications of classical bulk luminophores
(i.e. fluorescent lamps, light-emitting diodes [1-3], emissive displays [1], tomo-
graphs, photostimulable phosphor (PSP) plate detectors). Nanosize lumines-
cent nanoparticles can be implemented in different environments for marking
purposes (e.g. advertising or emergency lighting), or as a security feature (e.g.
on banknotes, securities, or identification documents) in or on a wide variety
of substrates, such as glass [4], plastic, or paper [5]. It is notable however, that
nanophosphors have found their most useful application as luminescent mark-
ers in molecular biology and medical diagnosis and therapy [6, 7].

The main interest in nanocrystals is related to properties that differ from
the properties of the bulk material; otherwise, the value of nanosized particles
would be restricted to savings in materials and expenses and with miniaturi-
sation that certainly is very important in the commercial use of nanocrystals.
However, reducing particle size to nano can change several properties so that
particles with a range of functionalities can be engineered for target applications
and this is the main advantage of nanoparticles over bulk analogues.

Nanomaterial properties differ from bulk primarily due to changes in phys-
ical attributes (size, shape and specific surface area) and quantum confine-
ment. Due to high surface-to-volume, ratio properties, which in principle are
also common to the bulk material, become dominant in nanoparticles. Nano-
crystals surface has strong influence on optical, electronic, magnetic and oth-
er properties, comparing with bulk materials. Luminescence quantum yield of
nanomaterials decrease comparing with macroscopic analogues, as going from
macroscopic structures on the microscopic structures sample’s morphology
plays an important role in the changes of the properties of electrons. The most
common reason for a nanoparticle’s luminescence quantum yield decrease com-
paring with its macroscopic analogue is related to surface losses. Therefore, it
is important to investigate the impact of the nanocrystalline surface on optical
characteristics. Of particular interest is understanding of a fundamental process



that affects the luminescence efficiency of nanocrystals. Nowadays, the issue of
the day is to find different ways to improve the effectiveness of nanocrystalline
luminescence. This can be achieved by increasing the quality of nanocrystals:
high-quality crystalline structure, spherical morphology, distribution of lumi-
nescent impurities in nanocrystals and their optimal concentration. One of the
innovative methods is the use of a core-shell structure [3,8] that allows enhanc-
ing luminescence efficiency in nanocrystals while decreasing surface losses.

Solids doped with rare-earth metals or transition metals have proven to
be effective nanophosphors. The cause of emission, in this case, is the lumi-
nescence of individual elementary or molecular ions [9]. High-quality nano-
phosphors with different emission colours studied in the present work are
LaPO,:Ce,TD (green), Y;Al;0,,:Ce (yellow), YVO Eu (red), ZnWO, (blue) and
NiWO, (blue-green). Shielding of the luminescent core with a non-luminescent
shell in the form of a core-shell structure is also studied on YVO Eu@YF; sam-
ple. Taking into account that all materials in this study belong to a class of wide
band-gap materials, the excitation in ultraviolet and vacuum ultraviolet spectral
range is absolutely necessary for this study.

Therefore, synchrotron radiation facility was employed for luminescence
spectroscopy measurements in a wide spectral range, including the vacuum ul-
traviolet region, which is especially significant for wide band gap solids.

1.2. Aim and Objectives

One of the main challenges of this work is to find opportunities on how to
improve the efficiency of nanocrystalline luminescent materials. Therefore, it is
important to understand fundamental processes of luminescence centre forma-
tion as well as energy transfer processes in nanophosphors. The main goal of the
current study is to highlight a comparison of luminescence properties of nano-
crystalline complex oxides prepared by different techniques and its macrocrys-
talline analogues.

The following objectives were established:

o to detail the investigation of luminescence properties of nanosized
YVO,:Eu, LaPO,:Ce,Tb, Y;Al;0,,:Ce, ZnWO,, NiWO, and their macro-
scopic analogues in a wide spectral range using synchrotron radiation;

« to explore impurities excitation, exciton and electron-hole luminescent
characteristics and their relaxation processes, exciton formation, and
self-trapping processes, as well as radiative/non-radiative relaxation pro-
cesses;

o to define the influence of reduced particle’s size on the electronic struc-
ture of the crystal.



1.3. Scientific novelty

Experiments performed in the present work allowed:

o systematic investigation of luminescence properties of nanocrystalline
materials (phosphors YVO,:Eu, LaPO,Ce,Tb, Y;Al;0,,:Ce, ZnWO,,
NiWO,) in vacuum ultraviolet spectral range utilising synchrotron radia-
tion;

o to identify the impact of the reduced size of the nanoparticle on intrinsic
and extrinsic electronic excitations, energy transfer processes and on the
multiplication of the electronic excitations.

1.4. Author’s contribution

This work was performed at the Institute of Solid State Physics (ISSP), at
the University of Latvia (UL). Luminescence measurements in the vacuum-ul-
traviolet spectral range were performed at HASYLAB (Hamburg, Germany)
using synchrotron radiation produced by the DORIS III storage ring of DESY
synchrotron and by the MAX III storage ring of MAX IV synchrotron. The
author has performed experiments at DESY and MAX 1V, participated in lu-
minescence measurements under laser excitation (Laboratory of optical spec-
troscopy, ISSP, UL). The author has performed all data processing; the analysis
of the obtained results was done discussing with the supervisor and colleagues
from the Institution.

The results of this work have been presented at international conferences
and international schools during 2010-2016. Results have been published in five
SCI regular papers.



2. EXPERIMENT

The experiments in the vacuum ultraviolet spectral range involving the
present work were carried out at Superlumi experimental station located in
Hasylab (Hamburger Synchrotronstrahlungslabor) at DESY (Deutsches Elek-
tronen-Synchrotron) and using a luminescence endstation installed at the FIN-
EST branch in the MAX III storage ring at MAX IV laboratory (Lund, Sweden).
There are short descriptions of both set-ups given in this chapter. Photons with
energies from 3.7 to 40 eV are used for excitation. Three different secondary
monochromators coupled with various detectors are available for analysis of the
luminescence. Luminescence photons can be detected in the energy range of
1.8-25 eV. The SUPERLUMI set-up and luminescence endstation provide the
opportunity to work in a wide temperature range of 4 K to 300 K.

2.1. SUPERLUMI endstation of I beamline

The SUPERLUMI set-up [10] is located above the DORIS III storage ring
plane at the beamline I (Fig. 2.1). The circumference of the storage ring is
289.2 m. Due to the relatively long storage circumference, DORIS III has a spe-
cial time-structure, which is particularly suitable for the time-resolved spectros-
copy. DORIS provides light pulses with FWHM 130 ps and a period of 964 ns in
single bunch mode. Normally DORIS is filled with five bunches with the same
FWHM (130 ps) (multi-bunch mode). The interval between the first and the
tifth bunch is 196 ns and between all others is 192 ns.
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Fig. 2.1 Beamlines (blue and grey arrows) and buildings (grey areas) of DORIS III
storage ring

To illuminate the entrance slit of the primary monochromator, two mirrors
are used. The first, a cylindrical water-cooled mirror (M1, located in the plane of
the storage ring, unable to see in Fig. 2.2.) accepts 50 mrad of the horizontal and
2.2 mrad of the vertical divergence of the source. Mirror M1 focuses light hori-
zontally to a 10 mm wide image at the entrance slit of the primary monochro-
mator. The second, plane elliptic, mirror (M2, located 3.7 m above the storage
ring plane, on the level of the entrance slit) focuses vertically to 0.1 mm at the
entrance slit of the primary monochromator. Mirrors M1 and M2 transform the
6 x 2 mm? light source into the 10 x 0.1 mm? light spot on the entrance slit of
the primary monochromator. The light is dispersed by the primary monochro-
mator in the vertical direction. A third, rotational-elliptic, mirror (M3, located in
the sample chamber) focuses the light onto the sample. As result, the 6 x 2 mm?
light source transforms into the 5 x 0.15mm? light spot on the sample.
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The SUPERLUMI setup
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Fig. 2.2 SUPERLUMI setup of I beamline of DORIS III storage ring at DESY

The SUPERLUMI set-up consists of four monochromators: the primary
one, dispersing synchrotron radiation, and other three for analysis of lumines-
cence. Such a combination of spectrometers is especially suitable for wide band-
gap materials.

The primary monochromator has a focal length of 2 m, covers the spectral
range from 3.7 to 40 eV, and in our experiments, the 1500 um wide entrance
slit was used. Secondary monochromators include the Pouey monochromator,
the VUV monochromator and 0.3 m monochromator in Czerny-Turner mount-
ing (three gratings 300/600/1200 grooves per mm). Czerny-Turner mounting
monochromator has two exit arms. One of them serves a liquid nitrogen cooled
CCD detector; the other one serves a fast photomultiplier (for time-resolved ex-
periments). The working range of the Czerny-Turner-type monochromator ex-
tends from 185 nm to 1150 nm and is limited by the available gratings and de-
tectors. The best achievable resolution (1200 I/mm grating) is 0.16 nm.

The SUPERLUMI working temperature range is from room temperature
down to 8-9 K due to liquid helium flow cryostat. Two gratings provide the
working region of the primary monochromator (3.7-40 eV): Al-grating (used
for the 3.7-20 eV regions) and Pt-grating (for the 15-40 eV region). Each grat-
ing has different efficiency distributions; therefore, all spectra should be correct-
ed before analysis. Two filters are used for the Al-grating to eliminate excitation
by the second orders: a quartz filter for the energies below 7 eV and an MgF, fil-
ter for energies 7-9 eV. Due to absorption, the MgF, filter seriously reduces the
intensity of excitation, significantly reducing the signal to noise ratio. The signal
also decreases in the region of 17-20 eV due to the grating inefficiency, which
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sometimes makes it completely impossible to register anything besides noise.
The same difficulty arises in the 36-40 eV region of the Pt-grating. Also, there
is gradual decrease over time in the current of synchrotron and, therefore, in the
overall intensity of synchrotron radiation between injections.

2.2. Luminescence endstation at FINEST branch of I3 line

A mobile luminescence endstation was installed on the FINEST branch of
I3 beamline on the MAX III storage ring [11] (Fig. 2.3). MAX III at MAX IV
laboratory was started in 2007 (operated until the end of 2015) and has a cir-
cumference of 36 meters and an emittance of 13 nm rad. The electrons are in-
jected with an energy of 400 MeV and are then accelerated up to 700 MeV. The
electrons in this energy field are producing synchrotron light in the ultraviolet
and infrared area.

Fig. 2.3 Storage rings and beamlines at MaxLab, the I3 line is No.13

The excitation energy of the used endstation can be varied from 4.6 eV
to 50 eV and the vertical, horizontal or elliptical polarisation of the incoming
radiation can be chosen. Vertical polarisation was used in our measurements.
The excitation energy can be varied by using the Eagle primary monochro-
mator equipped with replaceable gratings: MgF,/Al coated grating for photon
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energies from 5 to 11eV, 4300 lines/mm SiC coated grating for energies from
11 to 26 eV, 4300 lines/mm Pt coated grating for photon energies above 26 eV,
and a 430 lines/mm Au grating for energies from 5 to 50eV (used in our exper-
iments). The radiation can be focused to an exit slit of the monochromator by
using a refocusing mirror (spot size 0.3 x 0.5 mm). Quartz and LiF filters were
attached to the beamline in order to avoid higher orders of excitation. The in-
coming radiation is focused to the sample holder attached to the luminescence
endstation. Ultra high vacuum system (pressure 5-10-° mbar) and helium-flow
cryostat are installed to allow low-temperature measurements up to 7 K. The
luminescence signal is collected by fibre optics and directed to a spectrometer.
All spectrometers used for this endstation were the same as previously described
for Superlumi station — ARC SpectraPro 300i Czerny-Turner-type spectrometer
for UV/visible luminescence and ARC spectrometer with two detectors. For col-
lecting a signal during emission spectra measurements a Princeton instruments
liquid nitrogen cooled CCD camera (Spec-10) was used, and for excitation mea-
surements, a photomultiplier (Hamamatsu H8259-01), which basically multi-
plies the current produced by incoming light, was used as a detector.

cryostat UV/visible fiber optic

ARC MC with
CCDand PMT

Sample
holder

Fig. 2.4 Optical components and detectors of the setup
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2.3. Experimental method

For the investigation of the electronic relaxation of selectively excited nano-

materials, different experimental methods were used:

o An emission or luminescence spectrum represents luminescence inten-
sity as a function of the emitted photon energy. The excitation energy is
tixed in these measurements. The curves obtained in this way give the
information about radiative channels of relaxation in the materials stud-
ied. It is also possible to measure the time-resolved emission spectra.

o During the excitation spectrum measurements, the emitted photon en-
ergy is kept constant and corresponding curves display luminescence in-
tensity as a function of exciting photon energy. An excitation spectrum
shows different population channels for a given luminescence band. To
separate emissions with different lifetimes, time-resolution techniques
can be used as well.

o A decay curve reflects the time dependence of radiative relaxation for a
certain transition.

2.3.1. Data registration

Data registration was identical for both stations used. Luminescence spectra
in the UV and visible range were recorded with a spectrograph SpectraPro-308i
(Acton Research Corporation) equipped with a photomultiplier (Hamamatsu
R6358P). The spectral resolution of the analysing monochromator was typically
11 nm. Emission spectra were corrected for the spectral response of the detec-
tion systems. The excitation spectra were recorded with a spectral resolution of
0.3 nm. The excitation spectra were normalised to equal quantum intensities of
synchrotron radiation falling onto the sample by means of sodium salicylate as
a reference. The exciting pulse duration is 125 ps, while the instrumental time
resolution of the registration system was 1 ns. Emission decay kinetics were
measured in 190 nm time window.

2.3.2. Data processing

The raw data are influenced by different properties of the experimental set-
up, such as spectral resolution, time resolution, the spectral sensitivity of the
registration systems, the spectral distribution of the exciting light, time-depen-
dence of the intensity of the exciting light, and the dark pulse rate of detectors.

Due to the energy dependence of the excitation intensity (caused by the
light source and the transmission of the beamline and the primary monochro-
mator), it is necessary to correct the excitation and reflection spectra to the in-
cident photon flux. Therefore, it is necessary to measure the intensity as a func-
tion of the excitation energy using the luminescence of sodium salicylate.

14



Monochromators usually operate in wavelength units. An equality
E = hc/) is used for transforming wavelength (1) to the energy scale (E). There-
fore, all luminescence spectra plotted in energy scale are deformed because
AA = —(hce/E?)AE is not linear in energy.

2.4. Samples
2.4.1. LaPO,:Ce,Tb

Luminescent LaPO:Ce,Tb nanocrystals in the form of nanopowders with a
particle diameter of 8-10 nm were produced via a microwave-assisted synthesis
in ionic liquids [12]. The nanopowders were synthesised at the Institute of Inor-
ganic Chemistry, Karlsruhe Institute of Technology (KIT) (in collaboration with
Prof. Claus Feldmann and his peers). The crystallinity of LaPO:Ce as prepared,
the Tb is proven by the powder x-ray diffraction (PXRD) pattern [12] as well as
by the high-resolution transmission electron microscopy (HRTEM). Both types
of method show the nanoparticles crystallised with a monazite type of struc-
ture. The particle diameter of 8-10 nm is calculated using Scherrer’s equation.
The dopant concentration is 45 mol. % Ce** and 15 mol. % Tb*". Commercial
macroscopic LaPO,:Ce, Tb powder with the same dopant level was also used in
the current study as reference material in the luminescence measurements. The
dopant concentrations of 45 mol% Ce** and 15 mol% Tb*" are quite common
for LaPO, phosphors [13, 14]. Due to the similar radii of the trivalent rare earth
ions, phase separation does not occur [15, 16].

2.4.2. YVO,:Eu

YVO,:Eu nanopowder was produced via a microwave-accelerated synthe-
sis in jonic liquids similar to LaPO, nanocrystals considered above [8]. The de-
tails of the synthesis procedure of YVO,:Eu nanopowders, as well as the result
of the sample’s characterizations by means of electron microscopy, energy loss
spectroscopy, infrared spectroscopy, dynamic light scattering (DLS), and x-ray
diffraction analysis (XRD), have been reported in [8]. According to electron mi-
croscopy, DLS, and XRD, the presence of uniform and highly crystalline par-
ticles, 12-15 nm in diameter, is validated. Commercial bulk YVO,:Eu powder
(with particle size of several microns) from Phillips was also studied for com-
parison. The dopant level in nanosized YVO,Eu was 15 mol. %, whereas the
bulk YVO,:Eu was typically doped with 5 mol. %. In order to minimise possible
surface-related losses, some of the YVO,:Eu nanoparticles have been covered by
a non-luminescent YF; layer of 1-2 nm in thickness, as was described in [8].

15



2.4.3. Y;AL,0,,:Ce

In the present study the luminescence properties of YAG:Ce nanopowders
obtained by a modified sol-gel method similar to that used by Pechini, are de-
scribed in detail elsewhere [17]. YAG:Ce nanocrystals have been produced in
Institute of Low Temperature and Structure Research, Polish Academy of Sci-
ence (in collaboration with Prof. W. Strek). The size of nanoparticles was char-
acterised by means of the Scherrer method, Williamson-Hall method, X-ray
powder diffraction and BET methods [18]. The average particle size was esti-
mated to be about 20 nm. Cerium ions concentration was varied from 0.5 % to
5.0 % in YAG: Ce nanopowders. Commercial crystal of YAG:Ce was also stud-
ied for comparison.

2.4.4. AWO, (A=Zn, Ni)

AWO, samples synthesised in Institute of the Solid State Physics Universi-
ty of Latvia (in collaboration with Dr A. Kuzmin). NiWO, and ZnWO, pow-
ders were synthesised using co-precipitation technique [19,20] by mixing two
aqueous solutions of Na,WO,-2H,0 and Ni(NO;),-6H,0 or ZnSO,7H,0 salts
in bi-distilled water at room temperature (20 °C). The samples’ crystallinity
and phase composition (formation of solid solution) were controlled by x-ray
powder diffraction (XRD) [20, 21]. Previous structural studies of as-prepared
nanocrystals reveal very small particle size - even below 2 nm [20, 21]. Sub-
sequent thermal annealing of nanocrystals leads to the strong agglomeration
of nanoparticles, forming microcrystalline (100-200 nm) structures. Such mi-
crocrystalline samples of ZnWO, and NiWO, also have been studied for com-
parison.
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3. THEORETICAL OVERVIEW

3.1. Basics of luminescence

Most phosphors are composed of a transparent microcrystalline host (or
a matrix) and an activator, i.e., a small amount of intentionally added impuri-
ty atoms distributed in the host crystal. Therefore, the luminescence process-
es of a phosphor can be divided into two parts: the processes mainly related to
the host, and those that occur around and within the activator. In the host lat-
tice with an activator, the activator is directly excited by incoming energy; the
electron on it absorbs energy and is raised to an excited state. The excited state
returns to the ground state by emission of radiation. When the activator ions
show too weak an absorption, a second kind of impurities can be added (sen-
sitizers), which absorb the energy and subsequently transfer the energy to the
activators. This process involves transport of energy through the luminescent
materials. Generally, the activator ions can be distinguished into two types: in
the first type, the activator ions strongly interact with the host lattice. This is
the case when ‘d’ electrons are involved, for example, in Mn?*, Eu?*, and Ce**
as well as for S? ions like Pb?* or Sb3* ions interact with complex anions such as
[M0O,]? or [WO,]*. In the second type, the energy levels of the activator ion
involved in the emission process show only weak/strong interactions with the
host lattice. Based on the type of activators involved, inorganic phosphors can
be classified into two main types:

a) self-activated (ZnWO,, CaWO,, CaMoO,, etc);

b) impurity doped (LaPO,:Ce,Tb, Y,0,S:Eu*t, YVO:Eu’*, etc).

The activator ions are doped into the host compound in a smaller con-
centration, usually a few mole percentages. The activator is responsible for the
phosphor action of the host and hence, the appearance of colour. Its type and
amount can be precisely controlled; however, sometimes an activator may not
be required externally for the host lattice. The lattice itself could turn luminous
on exposure to the radiation source. Therefore, these materials are considered to
be self-activated.

The observed emission from a luminescent centre is a process of returning
to the ground state in a radiative manner. The processes competing with lumi-
nescence are the radiative transfer to another ion and the non-radiative transfers
such as multiphonon relaxation and cross-relaxation. Fig. 3.1 shows the config-
urational coordinate model of a broadband emission. Upon excitation, the elec-
tron is excited in a broad optical band and brought into a high vibrational level
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of an excited state. The centre thereafter, relaxes to the lowest vibrational level
of the excited state and gives up the excess energy to the surroundings. This re-
laxation usually occurs in a non-radiative manner. From the lowest vibrational
level of the excited state, the electron returns to the ground state (equilibrium
distance R’ with R > R) by means of photon emission.

Relaxation

Excitatic
Eghission

% J
% v 4
Y 7
\ 7
\ y
\ 7

R R'

Fig. 3.1 Configurational coordinate model in a luminescent centre [22]

3.2. Luminescence properties of rare-earth ions

In crystals, rare-earth trivalent ions possess very similar optical spectro-
scopic parameters. Nevertheless, they demonstrate some principal differenc-
es associated with the nature of the environment where the ion is located. Like
most hosts, the position of the RE3* ion 4f energy levels does not vary drastically
in the ion from host to host. The levels are not affected much by the environ-
ment because 4f electrons are shielded from external electric fields by the outer
552 and 5p° electrons [16]. Luminescence originating from electronic transitions
between 4f levels is predominantly due to an 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 be-
cause of an odd crystal field component.

In addition to the discrete 4f levels, there are other levels present. The broad
bands can be split into two groups. In the first group, one of the of 4f electrons
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is raised to the higher 5d levels. Transitions from configuration 4f* to 4f*-! are
allowed. The second group of bands, charge-transfer processes, corresponds to
the promotion of an electron from one of the surrounding ions to the 4f orbit of
the central ion [22].

In the energy region spanned by 4f levels, one finds two additional kinds of
electronic states with different characters from those levels. They are the 4f2-15d"
states and the charge-transfer states (CTS) [16]. In the former, one of the 4f elec-
tron(s) is transferred to a 5d orbital and, in the latter case, electrons in the
neighbouring anions are transferred to a 4f orbital. Both of these processes are
allowed and result in strong optical absorptions. The energies of the 4/*-5d! and
CTSs are more dependent on their environments than the energies of 4f states,
but the relative order of energies of these states are found to be the same for
the whole series of rare-earth ions in any host materials. They can interact with
4f levels, leading to f > f emissions. In the event that the energy levels of these
states are lower than those of 4f levels, direct luminescence transitions from
these levels are found, such as 5d > 4f transitions in Ce**, Pr3*, and Eu?*. Spectra
of this luminescence vary as a result of crystal field splitting in host crystals.

Apart from the f > d allowed transitions and the CTS bands, strong exci-
tation can often be achieved by the energy transfer. The excitation residing in
an ion can migrate to another ion of the same species that is in the ground state
as a result of resonant energy transfer when they are located close to each other.
The ionic separation where the luminescence and energy transfer probabilities
become comparable is in the vicinity of several Angstroms. Energy migration
processes increase the probability that the optical excitation is trapped at defects
or impurity sites, enhancing non-radiative relaxation. This causes concentration
quenching because an increase in the activator concentration encourages such
non-radiative processes. As a result, that excitation energy diffuses from ion to
ion before it is trapped and leads to emission. On the other hand, a decrease in
the activator concentration decreases the energy stored by the ions.

The characteristic energy levels of 4f electrons of trivalent lanthanide ions
have been precisely investigated by Dieke and co-workers [23]. While the en-
ergy of the f-levels is more or less independent of the host lattice, the lumines-
cence of rare-earth ions can be understood based on transitions between atomic
eigenstates shown in the Dieke diagram (Fig. 3.2). The levels were determined
experimentally by considering the optical spectra of individual ions incorporat-
ed in LaCl; crystals; this diagram is applicable to ions in almost any environ-
ment because the maximum variation of the energy levels is, at most, of the or-
der of several hundred cm™!. As a consequence, certain f > f transitions always
show characteristic luminescence, such as the red emission of Eu** in LaPO:Eu,
YVO,:Eu, Y,05:Eu or YBO,:Eu.
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4. LITERATURE OVERVIEW

4.1. Cerium and terbium codoped lanthanum phosphate

Basic physical-chemical properties of LaPO, will be described in chapter
4.1.1. Luminescence properties of LaPO,:Ce,Tb are summarised in 4.1.2.

4.1.1. Lanthanum phosphate single crystal

Lanthanum phosphate (LaPO,), also known as monazite, is considered as
a technologically potential material for corrosion and thermal barrier appli-
cations by virtue of its thermal stability, high thermal expansion coefficient,
and low thermal conductivity. LaPO, has been widely used as a phosphor and
proton conductor as well as in sensors, lasers, ceramic materials, catalysts and
heat-resistant materials. This is due to its interesting properties of very low
solubility in water, high thermal stability, a high index of refraction, very high
melting temperature (2000 K), and high chemical stability [9, 24-27]. LaPO, is
reported to have good corrosion resistance in environments containing sulphur
and vanadium salts and is reported to be non-reactive with many molten metals
[28-30]. It has also been used for thermal insulation, catalytic, and sensor appli-
cations [31]. Its resistance to radiation damage and relative stability as a miner-
al over billions of years has led to the identification of monazite as a candidate
material for the immobilisation of radioactive waste elements by incorporation
into the monazite crystal lattice [32]. Lanthanum phosphate as host matrices ex-
hibits quite a good ionising and particle radiation as well as photochemical sta-
bility. LaPO, belongs to a class of wide band-gap materials and its experimental
band gap was reported to be around 8.0 eV [33, 34].

The structure of bulk LaPO, is shown in Fig. 4.1. It is a monoclinic ortho-
phosphate (space group P2,/n, Z = 4) composed of LaO, polyhedra and PO, tet-
rahedra. Lanthanum ions are surrounded by nine oxygen ones. Each oxygen ion
is positioned at a different distance (between 2.484 A and 2.813 A). Although
recently it was described that the crystalline structure of nanosized LaPO,
doped with Ln ions (Ln=Pr3*, Eu**) was changing according to nanoparticle size
[35]. For particles with mean size of about 8 nm, a hexagonal phase with the
structural type of CePO, (space group P6,22) was detected; but for LaPO,Ln
samples with a grain size in the range of 35-90 nm, a monoclinic phase with
structural type CePO, (a space group P2,/c) was observed.
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Fig. 4.1 The structure of bulk LaPO, [36]

Some basic physical properties of LaPO, monocrystal summarised in
Table 4.1.

Table 4.1 Basic physical properties of LaPO,

Lattice type o 4 [37]
Density 5.13 g/em?® [38]
Dielectric constant, & 14 [39]
Melting point 1797°C/2070 K [40]
Coefficient of thermal expansion 10.5-10°K-! (1273K) [41]
Hardness (Mohs scale) 5 [42]
Thermal conductivity (973 K) 1.8 W/mK [41]
Refractive index 1.85 [43]
Band gap, Eg 8.5¢eV [33]

4.1.2. Luminescence properties of LaPO,:Ce,Tb crystals

LaPO, has been shown to be a useful host lattice for lanthanide ions to pro-
duce phosphors that emit in a broad range of colours [9, 24, 44-46]. Even in
1963, it was already known that LaPO,:0.01Ce’* was a “short luminescence de-
lay time phosphor”, and emits ultraviolet light, which peaks spectrally at about
340 nm when excited with cathode rays, and its luminescence decay time was
about 24 nsec [47].
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Doping with different types of rare earth ions (Eu®*, Ce**, Tb3*, Nd**, Er’*,
Pr3+, Ho**, Yb*, Tm3*) in macro- as well as nanosized LaPO, have been fre-
quently reported in the literature. Among all these phosphate-type phosphors,
trivalent cerium (Ce**) and terbium (Tb**) co-activated LaPO, (LaPO,:Ce,Tb)
bulk powder is known as the most efficient because of the high-efficiency ener-
gy transfer between Ce* and Tb** [9, 24, 44-46]. Therefore, bulk LaPO,:Ce,Tb
is intensively used even as an excellent green emitting phosphor for fluorescent
lamps [9, 15, and 16]. Nowadays nanocrystalline LaPO,:Ce,Tb is known as one
of the most promising highly luminescent green phosphors, which is one of
the best candidates for biomedical applications such as fluorescence resonance
energy transfer (FRET) assays, biolabelling, optical imaging, or phototherapy
[48-50] where green emission from Tb?* is highly important.

Under UV excitation (for instance under 254 nm radiation of mercury dis-
charge lamps) only forbidden f~f transitions of Tb*" in LaPO, could be excited
and, therefore, the Tb*" emission is not efficient. On the other hand, allowed
an f-d transition in Tb?* ion lays at much higher energies, i.e. at VUV spectral
range. Therefore, in order to effectively absorb relatively low energy UV light,
a sensitizer should be used. In LaPO, phosphor, Ce** ions with effective 4f-5d
absorption behave as the sensitizer, whereas Tb*" ions act as the luminescent
centre. Indeed, under UV excitation of Ce** ion a 4f! > 4f95d! transition occurs.
After energy transfer from Ce*" to Tb*" a green Tb** emission resulting from
*D,~"F, relaxation takes place. Generally speaking, energy transfer plays a major
role in most luminescent and laser processes and the appropriate mechanisms
for some double-doped crystalline materials that have been perfectly established
[9, 15, and 16]. A resonant energy transfer from Ce** to Tb3* was tentative-
ly suggested. On the other hand, in many cases for the successful realisation of
a resonant energy transfer, it is necessary that the spectral dependence of the
excitability of Tb** overlap strongly with a Ce*" decay. According to literature
data [44], the Ce** emission band does not overlap with the 4% 4f3 absorption
of the Tb*" in LaPO, and, therefore, resonant energy transfer processes seem
improbable. The typical emission spectrum of bulk LaPO,, exciting Ce3* ions,
consist of two main well-distinguished parts: a broad 4f! > 4f%5d! C3* emission
band peaking at ~350 nm and sharp Tb*" lines (that corresponds to °D>F;
and °D; - “F; transitions) in the green to the red spectral range [12, 44, 51, 52].
Despite luminescence properties of bulk LaPO,:Ce,Tb as well as energy trans-
fer processes between Ce** and Tb3* ions, which have been intensively studied
[13, 15, 51-53], it was recently suggested an alternative mechanism of energy
transfer in nanosized LaPO:Ce,Tb [54].

Absorption spectrum of LaPO,Ce,Tb consist of intense and broad
4f°5d" > 4f! Ce** band (240-320 nm) peaking at 256 nm and 276 nm [55].
Excitation in the Ce® band at 276 nm gives both the emission of ceri-
um (3.4-4.13 eV) and that of terbium (1.77-3.35 eV), due to energy trans-
fer from cerium to terbium. The excitation spectrum of Tb** emission in bulk
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LaPO,:Ce,Tb described in [31] consists of two parts — 4.0-5.6 eV and 5.6-7.7 eV.
Part of the excitation spectrum of Tb*" emission in 4.0-5.6 eV is very close to the
excitation spectrum of Ce** emission. Taking in account that f~f transitions of
Tb3* occur in this spectral range and that these transitions are not effective, the
intensive Tb3* excitation band (in 4.0-5.6 €V) is due to energy transfer from Ce’*
to Tb3*. The excitation spectrum of Tb*" emission at energies higher than 5.6 eV
represents f~d transitions of the Tb*" ions. The abundant structure of this part of
the Tb3* excitation spectrum is explained by the spin-allowed and spin-forbid-
den f-d transitions from the ground 7F(4f%) state to the lowest 7D (4f75d) and to
the lowest °D(4f75d) terms. In sum, ten bands could be resolved in the excitation
spectrum of Tb** emission in LaPO,:Ce,Tb in the 5.6-7.7 eV range, which is de-
scribed in detail in [33] for terbium-doped LaPO,. The broad excitation band
peaked at 7.9 eV is reported to be due to near-activator exciton by analogy to the
near-activator exciton bands in the Ce3* excitation spectrum [31].

Decay curve of Ce** emission in LaPO,:Ce,Tb single crystal is exponential
with a characteristic time of about 16-18 ns [56]. Tb*" luminescence decay is
in the millisecond range due to spin and parity forbidden f-f transition and is
about 3.2 ms for macroscopic samples [13]. Ce** and Tb** luminescence decay
kinetics of nanocrystalline LaPO,:Ce,Tb do not obey the single-exponential
law, it can be approximated by the sum of two exponents — “fast” and “slow”. For
Ce®* emission characteristic times are ~4-5 ns and 15-20 ns, for Tb** emission
~1 ns and 4 ns. Similar non-exponential decay was already observed for Tb**
emission in nanosized LaPO,, CePO,:Tb3*, and nanosized LaPO,:Tb**. The de-
viation from an exponential law of Ce3* emission decay in nanomaterials also
has been observed recently in some other nanocrystalline materials.

4.2. Europium-doped yttrium vanadate

Physical-chemical properties of the YVO, single crystal will be described in
4.2.1. Also, luminescence properties of europium doped YVO, are summarised
in chapter 4.2.2.

4.2.1. Yttrium vanadate single crystal

YVO, is one of the most promising inorganic luminescent materials, which
possess zirconia-type tetragonal structure and a wide range of practical applica-
tions in many display devices. YVO, compound has sparked a great interest in
the fields of solid-state chemistry, material science, and technology. Yttrium va-
nadate crystals have a good thermal stability, large birefringence, and very wide
transparency range. Due to such physical properties, it is an interesting synthetic
alternate for conventional crystals for the fabrication of several optical devices.

Some physical properties of the YVO, single crystal are presented in
Table 4.2.
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Table 4.2 Basic physical properties of YVO,

Lattice type Zircon tetragonal, space group D4h [57]
Density 4.22 g/cm? [58]
Dielectric constant, & 9.3 [59]
Melting point 1810-1940 °C [58]
Coefficient of thermal expansion A = 4.43-10°K1, ¢, = 11.37-10° K1 | [57]
Hardness (Mohs scale) 5 [57]
Thermal conductivity (300 K) A6 -8.9 W/mK, ¢,y -12.1 W/mK [60]
Refractive index 1.9504 pie A = 1550 nm [61]
Band gap, Eg 3.5eV [62]
Transparency range 400-5000 nm [59]

It is well known that the crystalline form of YVO, compound is tetrago-
nal, with a space group of D,4*"],;/amd, which is related to tetragonal zircon.
The crystal structure of YVO, compound is shown in Fig. 4.2. The YVO, con-
sist of two kinds of polyhedral: VO, tetrahedron and YOy triangular dodeca-
hedron. Each V** site is surrounded by four oxygen atoms with a separation of
1.71 A between V and O, and each Y is surrounded by eight O atoms with a
Y-O distance of either 2.29 A (for four of the eight Y-O bonds) or 2.44 A (for
the remaining four Y-O bonds), the point symmetry of Y** is D2d without an
inversion center. The shortest V-V, Y-Y, O-O, and V-Y distances are about 3.9,
3.9, 2.6, and 3.1 A, respectively. The space between the isolated VO, tetrahedral
units is occupied by Y** ions. Along the z-axis, alternating tetrahedral and do-
decahedra share edges [63].

@ Oxygen
® Vanadium
@ Yttrium, Ln

nn

Fig. 4.2 YVO, structure [64]
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YVO, is one of the best candidates with high luminescence efficiency for
doping the rare earth ions. It provides a wide band gap and suitable Y3* sites
where trivalent rare-earth ions can be easily substituted without additional
charge compensation. Due to its unique electronic structure and well-defined
transition modes, rare-earth ions entrapped in the YVO, matrix constitute
an essential domain of the lanthanide-based nanostructure families. Europi-
um-doped yttrium vanadate is widely used as an efficient red emitting phos-
phor in displays and fluorescent lamps, X-ray detectors, and cathode ray tubes
[9, 15, 16, and 65]. Moreover, doped YVO, crystal has a low generation thresh-
old, good mechanical and chemical properties [66]. Recent studies show that
nanosized europium doped YVO, is relevant for plasma display panels [67],
and additional interest is related to labelling, signalling, and biomedical pur-
poses [49].

Since Levine and Palilla [68] in 1964 developed the Eu** doped YVO, as a
red phosphor for the commercial applications in colour television cathode ray
tube displays and high-pressure mercury lamps, there has been an extensive
study on this material doped with different lanthanide ions such as Er**, Sm?*,
and Dy?*.

4.2.2. Luminescence properties of YVO:Eu crystals

Luminescence properties of YVO,:Eu crystals have been studied for more
than 40 years [65, 68-76]. In the excitation spectra of YVO,, broad bands rang-
ing from 220 to 350 nm corresponds to absorption of vanadate bands resulting
from a charge transfer from the excited ligands to the central vanadium atom
inside the VO~ ions [77]. The absorption transition involved is a charge trans-
fer from oxygen 2p to the vanadium 3d states. Pure YVO, does not show lumi-
nescence at room temperature, but at temperatures below 200 K, it shows blue
emission centred at 420 nm with ultraviolet excitation [16]. The emission and
excitation are due to the 3T, <> A, transition, luminescence takes place from
the lowest level of the excited states manifold after radiationless relaxation
from higher excited states and lattice relaxation in the lowest level [78]. This
results in a significant Stokes shift. Once the vanadate centre is excited, it can
either emit the absorbed energy as luminescence or it can transfer the ener-
gy to a dopant, which can subsequently emit its own characteristic radiation.
The decay behaviour of the VO,*>- molecular complex exciting at 265-310 nm
is complicated and consist of an initial rise and a subsequent decay [65, 79].
The YVO Eu?** shows strong red emission under UV illumination due to effi-
cient energy transfer from excited VO,* complex anions to Eu’* activator ions;
quantum yields as high as 70% are reported for the bulk material, as provides
that YVO,:Eu’" is one of the most important phosphor compounds [80].

The emission spectra of YVO :Eu®* consist of emission bands ranging from
550 nm to 700 nm that are assigned to electronic transitions of europium ion
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(°Dy="Fj_; 534 The emission spectrum is dominated by the Eu** *D,-F, (at
619 nm) transition that is hypersensitive to chemical bonds in the vicinity of
the Eu’* ions, which is because the Eu®* is located at a low symmetry local site
(D,,;, without inversion center) in the YVO, host lattices [81]. On the other
hand, the band at 595 nm (°Dy-"F,) is a magnetic dipole one and it hardly var-
ies with the crystal field strength around Eu** ion [82]. The presence of emis-
sion lines from higher excited states of Eu** (°D,, °D,, °Ds) is attributed to the
low vibration energy of VO,*~ groups (823 cm™!). As it was described by Blasse
and Grabmaier [15] the multiphoton relaxation of VO, is not able completely
to bridge the gaps between the higher energy levels and grown level of Eu®*, as
result, there are weak emissions from D, °D,, °D; levels.

The decay behaviour of Eu** luminescence in YVO, crystal strongly de-
pends on excitation. For the >D,—"F, emission (618 nm) under excitation into
the Eu®* f—f transition at 395 nm decay curve can be well fitted by a single ex-
ponential function. A lifetime of Eu* obtained for the bulk is 0.525 ms [68]
and 0.740 ms for nanocrystalline YVO,:Eu [65].

4.3. Cerium-doped yttrium aluminium garnet

In chapter 4.3.1, a summary of some physical-chemical properties of
YAG:Ce single crystal and luminescence properties of cerium doped YAG crys-
tals will be put forth and further described in 4.3.2.

4.3.1. Yttrium aluminium garnet single crystal

Yttrium Aluminium Garnet (YAG) is a synthetic crystalline material of
the garnet group. Pure YAG is colourless, non-hygroscopic, chemically inert
crystal with body-centered cubic lattice. YAG has emerged as the most wide-
ly produced laser gain host and has enjoyed recent popularity as a promising
material for optical, electronic and structural applications [83, 84]. The YAG
host is a stable compound, mechanically robust, physically hard, optically iso-
tropic, and transparent from below 300 nm to beyond 4 microns. Optical YAG
crystals are suitable for use in UV and IR optics. Products from YAG can be
used as optical elements in the broad spectral range from 250 nm to 5000 nm.
YAG mechanical and chemical properties are close to sapphire, but YAG do not
exhibit double refraction like sapphire and is much easier to polish comparing
with Sapphire. In contrast to glass, YAG has very low absorption in the 2-3 mi-
cron range where glasses usually have a high absorption due to strong bonds
of water molecules. YAG is also a candidate for applications of high-tempera-
ture structural materials due to its low creep rate and high thermal stability and
good chemical resistance [85, 86]. Some physical properties of YAG are pre-
sented in Table 4.3.
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Table 4.3 Basic physical properties of YAG:Ce.

Lattice type Body centered cubic (space group Ia3d) | [87]
Density 4.56 g/cm?® [87]
Dielectric constant, € 11.7 (87]
Melting point 1970°C /2273 K [88]
Coefficient of thermal expansion 8.9-10"6K-! [87]
Hardness (Mohs scale) 8.5 [89]
Thermal conductivity (300 K) 10.1 W/mK [60]
Refractive index 1.81 pie A = 1050nm [90]
Band gap, Eg 7.9 eV [91]
Transparency range 0.21 to 5.5 pm (87]

It has a body-centered cubic structure (space group Ia3d or Oy!'%) with
160 (80) atoms in the cubic (primitive) cell. The Y ions (A atom) occupy the
24(c) sites and each is dodecahedral coordinated to eight O. The O atoms oc-
cupy the 96(h) sites whose exact locations depend on three structural param-
eters x, y, and z and are different for different garnet oxides. There are two
different sites for Al, Al (B’ atom) occupy the 16(a) site with an octahedral
point symmetry (Cs;) and Al (B”) atoms occupy the 24(d) sites with a tetra-
hedral point symmetry (S,). The garnet structure can be viewed as intercon-
nected octahedrons, tetrahedrons, and dodecahedrons with shared O atoms
at the corners [92]. YAG structure is depicted in Fig. 4.3.
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Fig. 4.3 YAG structure
Due to its interesting physical properties, YAG is widely used as a host ma-

terial for rare-earth ions that usually replace Y ions, due to similar radii. The
most popular dopants for YAG are Yb**, Ce**, Eu**, Nd**, Pr3*, or other rare
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earth elements. In many cases, rare-earth ion spectra consist of lines whose ex-
istence can be described with forbidden transitions in the 4f shell.

4.3.2. Luminescence properties of YAG:Ce crystals

Cerium doped YAG (YAG:Ce) is an important and well-known lumines-
cent material that had been studied more than 40 years. YAG:Ce is one of the
most popular materials among others because of its efficient yellow-green lu-
minescence, when subjected to blue or ultraviolet light, or to x-ray light [93]. It
is used in white light-emitting diodes, the phosphor in cathode ray tubes; it is
suitable for use in photomultipliers. Moreover YAG:Ce is one of the most per-
spective scintillator material, for application in Positron Emission Tomography
(PET) scanners, high-energy gamma radiation and charged particle detectors,
and high-resolution imaging screens for gamma, x-rays, beta radiation and ul-
traviolet radiation [94, 95].

Cerium ion is the simplest rare-earth activator because of an unpaired elec-
tron on 4f orbital. Among the lanthanide ions, the 4f > 5d transition energy
is the lowest in Ce*. In contrast to other rare-earth ions, the luminescence of
Ce** ions consists of bands that are described with allowed transition of sev-
eral 4f-5d configurations. As for luminescence in Ce3* are responsible allowed
transitions, a lifetime of excited electrons is short, so the decay time of the Ce3*
emission is 1077 to 1073 s [16]. The position of luminescence band in spectrum
depends on the crystal structure of material.

Increasing crystalline field, increase also splitting of 5d- state, maximums of
luminescence bands tends to long-wavelength part of the spectrum and increase
bandwidth that corresponds to electron transition from 54 state to two levels of
4f- shell. Splitting of 4f- level into ?F;,, un 2F,,, states gives two luminescence
bands of Ce3* in most cerium doped phosphors.

YAG:Ce*" luminescence, excitation and absorption spectra in single crys-
tals are described in many papers [96-102]. Absorption spectra of bulk YAG:Ce
consist of several bands, three of them with maximums at 460, 340 and 220 nm,
that corresponds to 4f-5d transitions in Ce** are reported in many papers
[98-103], although there are differences in the assignments of the remaining
two bands. The band at 372 nm described in [96] was not observed in other
absorption spectra. The band at 261 nm [102] was not observed in some other
excitation and absorption spectra and a lattice defect band at 270 nm in the ab-
sorption spectrum of YAG is absent in ceramic samples of YAG:Ce** [98].

The luminescence spectrum of bulk YAG:Ce consists of two main parts:
cerium related and intrinsic emissions. Cerium-related emission arises due to
transition from the lowest 5d excited state to a 4f ground state of Ce ion. Split-
ting of 4f- level into ?F;,, un 2F,,, states gives two luminescence bands of Ce3*
in YAG:Ce at low temperatures [104]. Two types of centres are responsible for
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the intrinsic luminescence in bulk YAG: self-trapped exciton (STE) and antisite
centre [91, 105-108]. Exciting YAG single crystal in exciton absorption range
(about 7.0 eV) two overlapped emission bands appears in range of 3.0 eV -
6.0 eV [107, 109, 110]. High energy band with a maximum around 4.7 eV is
responsible for self-trapped excitons emission, but the band in the range 3.95-
4.2 eV is attributed to Y3* , (antisite defects) luminescence. High-energy emis-
sion band is more dominant at low temperatures because the lifetime of the
excited state is longer due to low possibility of non-radiative transitions at low
temperatures.

The decay of Ce** in YAG single crystal can be expressed as a single expo-
nent with a time constant to the range of 63-80 ns [91, 111]. Decay kinetics of
cerium emission in nanocrystalline YAG:Ce may be approximated by two expo-
nents with decay times 9 ns and 47 ns, and the contribution of the fast compo-
nent of luminescence decay is about 33% [91].

4.4. Wolframite-type tungstates crystals

In this chapter will be summarised some physical-chemical properties of
wolframite-type tungstates crystal and described luminescence properties of it.

4.4.1. AWO, (A=Zn, Ni) single crystals

AWO, compounds and name tungstates, are interesting materials for ap-
plications such as scintillation detectors, laser-active hosts, optical fibers, sen-
sors, and phase-change optical recording media [92, 112, 113]. A self-activated
zinc tungstate (ZnWO,) and nickel tungstate (NiWO,) possess good properties
such as high chemical stability, high average refractive index, high X-ray ab-
sorption coefficient, high light yield, short decay time and low afterglow. These
two tungstates are very promising host materials since they are nonhygroscopic
and nontoxic, and they exhibit intrinsic photoluminescence properties. ZnWO,
has application in scintillator [114], Raman laser converters [115], high-tem-
perature solid lubricant [116], magnetic and luminescent materials [117], laser
hosts [118], optical fibers [119], and gas-sensing systems [120]. The compound
has recently attracted a lot of attention due to its promising role in the searches
for the weakly interacting massive particle. ZnWO, further exhibits consider-
able photocatalytic and photoelectrocatalytic properties in the mineralisation
of organic compounds [121]. The properties of ZnWQO, have been found to be
closely related to its crystallinity, particle size distribution, and morphology and
hence, depend on its method of synthesis [122]. NiWO, finds applications in ca-
talysis [123], as humidity and gas sensor [124, 125], a photoanode in the photo-
voltaic electrochemical cell [126], a pigment [127] and in the microwave [128]
and electrochromic devices [129].
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The type of the tungstate structure can be scheelite or wolframite and de-
pends crucially on the ionic radius of the A%+ cation [130]: for small A2* cations
(A = Co, Cd, Fe, Mg, Ni, & Zn) the wolframite structure is preferable, but in the
case of bigger A%* cations (A=Ba, Ca, Eu, Pb, & Sr) the scheelite structure be-
comes favorable.

In the present work, ZnWO, and NiWO,, are examined, which have the
monoclinic wolframite-type structure of the space group P2/c or C*y,.. The prim-
itive cell contains 2 formula units, i.e. it contains 12 atoms in a unit cell. In the
structure of wolframite AWO,, both cations A and W have octahedral oxygen
coordination and each octahedron shares 2 corners with its neighbours [131].
The structure is shown in the Fig. 4.4. The presence of two non-equivalent oxy-
gen atoms is responsible for three pairs of A-O and W-O bonds, having differ-
ent lengths. EXAFS data analysis of ZnWO, and NiWO, [132] prove that WO6
octahedra in this two tungstates are distorted with four short (1.84 A) and two
long (2.13 A) W-O distances. Thus, both A and W atoms are surrounded by six
oxygen ions, forming distorted octahedral coordination.

i ¥ a
bey
€
Fig. 4.4 Crystal structure monoclinic (P2/c) AWO,[133]

ZnWO,, mineral name sanmartinite, have the lattice parameters a = 4.7 A,
b=57A,c=49Aand p =90°" [130], but lattice parameters of NiWO, are a =
46A,b=57A,c=49A, and B =90.03° [134].

Basic properties of ZWO, are listed in Table 4.4. Unfortunately, it was im-
possible to find in literature the same data for NiWO,, but we suppose that
NiWO, properties are quite close to ZnWO,.
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Table 4.4 Basic physical properties of ZnWO,

Lattice type Monoclinic structure, space group P2/c | [131]
Density 7.8 g/cm? [135]
Dielectric constant, & 20.7 [136]
Melting point 1200 °C /2098 K [137]
Coefficient of thermal expansion 7.9-10°K-! [138]
Hardness (Mohs scale) 4-45 [119]
Thermal conductivity (300 K) 4.54 W/mK [139]
Refractive index 2.32 at A =490 nm [140]
Band gap, Eg 46eV [114]

4.4.2. AWO, (A=Zn, Ni) luminescence

The optical and luminescent properties of wolframite-type ZnWO,
and NiWO, crystals have been widely studied in the past more than once
[20, 114, 141-148].
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Fig. 4.5 Schematic energy level diagram (not to scale) for the luminescence processes
in the (WO,)?~ complex in scheelite structure (a) and the (WO;)®~ complex in
wolframite structure (b). The full arrows indicate allowed absorption and emission
transitions. The broken lines arrows indicate forbidden transitions [141].
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A schematic representation of energy levels responsible for radiative tran-
sitions in wolframites is shown in Fig. 4.5. Molecular orbital calculations were
done in the (WOg)® complex in Oy, point symmetry for obtaining this diagram
[149]. It was described before [141, 143, 150] that for the intrinsic luminescence
component in AWO, crystals is responsible electronic transition *T', > A, be-
tween O? and W¢* ions within the octahedral (WOg)® molecular complexes.
Absorption by the (WOg)®~ complex is assigned to the 'A,, > 'T}, transitions.

Absorption spectra of NiWO, consist of 4-5 bands in UV and visible range
from 1 eV to 3.5 eV [127, 142, 151]. Some authors [146] by analogy with NiO
[152, 153] attribute these bands to the transitions from the ground state 34, to
excited states 3T, !E, 3T, 1T, and 3T. In [127] and [151] have a similar expla-
nation to observed absorbance bands. The band at 2.97 eV is attributed to the
charge-transfer transition in the WO, matrix. Bands at 1.67 and 2.74 eV are as-
signed to the forbidden electronic transition from ?A,, to 'E, and T, respec-
tively. The band at 1.48 eV is assigned to the presence of Ni>*O, indicating that
Frenkel defects are present in NiWO, with the dislocation of Ni** from octahe-
dral to tetrahedral sites. Absorbance band at 3.7 eV observed in [127] may be
related to charge transfer transitions.

Excitation spectra of few anisotropic tungstate crystals with scheelite and
wolframite structure type were described by Kolobanov et al [114]. The exci-
tation spectrum of intrinsic emission in the ZnWO, single crystal consists of the
threshold at 3.8 eV that corresponds to the region of fundamental absorption
edge (Urbach tail), a band with a maximum around 4 eV is due to the direct cre-
ation of excitons [114, 143]. Significant luminescence intensity decreased in the
region from 4.2 to 10 eV is characteristic for the excitonic type of energy trans-
fer to the emission centres [144]. In the energy region above 11 eV, the rise of
the intensity in the excitation spectra is observed, which is caused by the begin-
ning of the multiplication of electronic excitation processes. Further increase of
intensity exhausts at excitation energy corresponding to the participation in the
multiplication of electronic excitation processes of the electrons from the bot-
tom of the valence band [114, 143]. There is no information available in liter-
ature about NiWO, excitation spectra. However, taking into account that it has
the same structure as ZnWO, and all processes are within [WO]®~ molecular
complex, moreover, it was described by Kolobanov et al that excitation of differ-
ent tungstens are similar, we suppose that excitation spectrum of NiWO, can be
analyzed by analogy with ZnWO,.

It has been reported by G. Blasse [154] that metal tungstates exhibit blue
luminescence spectra, which is based on the radiative transition within the
tetrahedral. In particular, the intrinsic blue luminescence bands at room tem-
perature at about 2.5 eV for ZnWO, [114, 141, 143, 147, 148] and 2.06 eV for
NiWO, [151], are observed. Emission band of ZnWO, shifts to the low-en-
ergy region and becomes narrower with cooling of the samples that is due to
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the interaction of STE with phonons [141]. Although previously it has been
confirmed by studies of the emission and excitation spectra that only a single,
broad blue emission band exists in pure single crystals of ZnWO, and oth-
er tungstates that have been assigned to radiative electron transition within
[WOg]¢ molecular complex [114, 143], emission bands were reported in litera-
ture, ascribed to some impurities and different structural defects. The emission
spectrum for the ZnWO, film was deconvoluted into three narrower emission
bands: a strong intrinsic emission peaked at 2.51 eV (495 nm) and two weak
emissions in higher energy range of 2.80 eV (444 nm) and in lower energy
range of 2.30 eV (540 nm) [117]. By analogy with CdWQO, that have the same
wolframite structure as ZnWO, and NiWO,, higher energy and intrinsic emis-
sions are explained with the intrinsic WO®~ complex with a double emission
from one and the same center (°T,~'A,,), whereas the lower energy emission
is due to recombination of e-h pairs localized at oxygen atom deficient tung-
state ions [155, 156]. However, Ovechkin [150] ascribed the higher energy band
to the self-trapped exciton in tungstenite crystals with strong electron-phonon
coupling, and main intrinsic emission and lower energy bands to the transitions
of T5,~T,and T,,~T,, in the WO4*~ complex
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5. EXPERIMENTAL RESULTS AND DISCUSSION

5.1. LaPO,:Ce,Tb luminescence

In luminescence spectra of Tb*" emission for both bulk and nanosized
samples the characteristic Tb*" lines resulting from °D,>’F, transitions occur.
The fine structure of the Tb* lines is significantly smoothened in the case of
the nanopowder comparing to the commercial bulk material (inset in Fig. 5.1).
A characteristic duplex structure of the Ce3* emission band in the 300-360 nm
range caused by splitting 4f ground level is well resolved in the bulk sample,
whereas this duplex structure is almost absent in the spectrum of the nanopow-
der. Maximum of Ce?* emission band is slightly shifted to the low energy side in
the nanosized sample.
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Fig. 5.1 Emission spectra of Tb* and Ce** ions (inset) in the macroscopic and
nanosized LaPO,:Ce,Tb under excitation in the Ce3* absorption band (250 nm)
at 10K

Comparison of excitation spectra of Ce>* and Tb** in bulk and nanosized
samples are depicted in Fig. 5.2. The excitation spectrum of the Ce** emission
(Fig. 5.2(a)) in the 4.0-6.5 eV range of the bulk sample shows 4f-5d transi-
tion of Ce** ion in the LaPO, matrix. This spectrum is composed of five bands
peaking at 4.46, 4.76, 5.2, 5.8 and 6.05 eV, which are due to the transition from
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the ground state 2F;,,(4f1) to the five crystal-field split levels of 2D(5d!) excit-
ed state in LaPO, lattice. The excitation spectrum for Ce** emission in the
nanosized sample has intensive bands in the 3.5-6.5 eV spectral range, which
are qualitatively similar to the corresponding excitation bands obtained for
the bulk material. However, the fine structure due to the crystal-field splitting
is poorly resolved for the nanomaterial. The intensive excitation band peaking
at 4.0 eV (300 nm) is observed for the nanomaterial and is absent in the ex-
citation spectrum of bulk LaPO,Ce,Tb. It is supposed that the redshift of the
excitation spectra is due to perturbation of 5d levels of Ce’* ions in nanosized
LaPO,:Ce,Th. As a result of such perturbation, the 5d excited state is slightly
shifted and Ce** excitation spectrum in nano LaPO,:Ce,Tb is shifted to the low
energy side, comparing with the corresponding spectrum for the bulk sample.
The low energy part of the excitation spectrum of Tb** emission for the
bulk sample, where the f-f transition in Tb3* occurs is very close to the exci-
tation spectrum of Ce** emission. This intensive excitation appears due to
energy transfer from Ce** to Tb**, as f~f transitions of Tb** emission are not
effective in the terbium-doped LaPO, [33]. The excitation spectrum of Tb**
emission at energies higher than 5.6 eV represents f-d transitions of the
Tb** jon. The abundant structure of this part of the Tb*" excitation spectrum
is explained by the spin-allowed and the spin-forbidden f-d transition from the
ground “F(4f®) state to the lowest "D(4f”5d) and to the lowest ?D(4f”5d) terms.
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Fig. 5.2 Comparison of excitation spectra of Ce3* (340 nm) (a) and Tb3* (542 nm) (b)
emissions for bulk and nanosized LaPO,:Ce,Tb at 10K in 3.5-10 eV spectral range
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The excitation spectrum of Tb* emission in LaPO,:Ce,Tb nanopowder
have similar intensive peaks in 3.5-5.6 eV range as a bulk sample that arises
due to energy transfer from Ce**ions to Tb** ions. However, the part of the ex-
citation spectrum due to f~d transitions on Tb** (5.6 eV and higher) is signifi-
cantly suppressed in the nanomaterial, meaning that Tb*" cannot be directly ex-
cited in nanosized LaPO,:Ce,Tb, but could be excited after energy transfer from
Ce’* only. We suggest that due to the small nanoparticle size and a high impu-
rity concentration, Tb** and Ce3* ions are closely distributed. Since the cerium
concentration is in three times higher than for terbium, Ce** ions “shield” Tb**
ions and Ce** excitation is much more probable.

Spectral range from 6.5 to 8.5 eV in both bulk and nano LaPO,:Ce,Tb could
belong to excitonic excitation bands (including self-trapped and/or bound exci-
tons), as band gap energy of LaPOy is 8 eV. The excitation bands of the bound
exciton near Ce** are well resolved in the 6.5-8.0 eV range in bulk LaPO:Ce,Tb,
whereas these bands are significantly smoothed and suppressed in the nano-
powder (Fig. 5.2(a)), obviously due to surface influence, as optical properties of
excitons are extremely sensitive to nanoparticle size with increased role of sur-
face effects.
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Fig. 5.3 Comparison of excitation spectra of Ce* (340 nm) (a) and Tb3* (542 nm) (b)
emissions for bulk and nanosized LaPO,:Ce,Tb at 10 K in wide spectral range
(3.45-40 eV). Black arrows point out the initial stage of MEE processes
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Comparing excitation spectra at energies higher than 8eV it is clearly
seen that both Ce** and Tb*" emissions practically could not be excited in the
nanopowders if the excitation energy exceeds the band gap energy of LaPO,
(Fig. 5.3) This fact clearly indicates that there is no energy transfer from the
LaPO, matrix to the Ce** and Tb*" ions in nanoparticles. In the bulk sample,
after some relaxations, electrons and holes are trapped by dopants, forming ex-
cited Ce** and Tb?* ions, and their radiative relaxation leads to Ce** and Tb**
emissions. On the other hand, electrons and holes in the nanoparticles could be
easily trapped by surface defects, where their non-radiative relaxation occurs.
Such surface related loss processes are the main reason of luminescence vanish-
ing under high energy excitations in nanosized LaPO,:Ce,Tb.

Also it worth mentioning the multiplication of electronic excitations (MEE)
that takes place under high energies. MEE processes’ creation means that two
or more luminescence centres are created per one absorbed photon. It is clearly
seen from Fig. 5.3 that for bulk LaPO:Ce,Tb, the rise of the excitation intensity
for both Ce* and Tb** emissions starts at about 15-17 eV. This value is very
close to the value of 2E,, keeping in mind that E, in LaPO, is 8 eV.

5.2. YVO,: Eu luminescence
5.2.1. YVO,:Eu luminescence under synchrotron radiation
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Fig. 5.4 Comparison of fine structure of Eu** emission in YVO:Eu
under 300 nm excitation
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Emission spectra for bulk and two nano (as-grown and YF; covered)
YVO,:Eu samples reveal the characteristic Eu** emission lines (Fig. 5.4) which
are well known in the literature [8, 65, 76]. These spectra do not depend on ex-
citation energy wavelength and are identical under any excitations in the 3.7-
40 eV energy range observed on both synchrotron-based endstations. The lumi-
nescence intensity of Eu** drops down in the nanocrystalline sample comparing
with the bulk material; even though the luminescence intensity significantly re-
covered after surface passivation by YF; core-shell layer. The band gap of YVO,
is comparably small (E, = 3.4 V), meaning that even under comparably low
300 nm excitation, europium luminescence could be excited only after energy
transfer from YVO, matrix to Eu®* jons with subsequent f-f radiative relaxation
(°D, > 7F, transitions). Therefore, Eu** emission should very sensitive to surface
related losses in YVO, nanoparticles. Surface related losses mean that electronic
excitations are trapped by surface defects and/or imperfections with subsequent
non-radiative annihilation. Under band-to-band excitation, the excited intrinsic
molecular complex (VO,)* is created. The energy transfer from (VO,)*~ com-
plex to activator ion leads to characteristic Eu** emission. However, electrons
and holes during their thermalization could be efficiently trapped by surface
loss centres instead of the formation of excited (VO,)* complex with subse-
quent energy transfer to Eu®* ions. Therefore, a non-radiative relaxation on the
surface of a nanoparticle could be considered as one of the competing relaxation
channels in nanoparticles. Obviously, surface passivating of YVO, nanoparticles
by yttrium fluoride layer leads to the suppressing of some surface loss centres
and increases the efficiency of Eu®* emission.
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Fig. 5.5 Luminescence spectra of intrinsic emission in bulk, nano, and core-shelled
nano YVO,:Eu under UV excitation at 10 K. Emission lines of Eu3* are measured
with low spectral resolution
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Another competing relaxation process is a radiative relaxation of excit-
ed (VO,)* molecular complex that itself is an efficient, intrinsic luminescence
centre in YVO, and this intrinsic emission stems from 3T, - ‘A, radiation [16].
Additionally to the Eu* emission lines shown with a high resolution in Fig. 5.4,
the broad, intrinsic luminescence has also been detected for bulk and nano
YVO,:Eu in the blue spectral range (Fig. 5.5). This relatively wide emission band
at about 450 nm has been observed in the bulk and nanocrystalline samples,
while this intrinsic emission is negligibly small or even absent in the emission
spectrum of the YVO Eu@YF;.

Temperature dependencies of the intrinsic emission bands in bulk and
nanocrystalline YVO,:Eu under UV excitation is presented in Fig. 5.6. The po-
sition and shape of the intrinsic emission bands in the bulk and nanocrystals are
the same at low temperature, although it changes as the temperature increases. In
the case of nanocrystals, the intrinsic emission band tends to be shifted toward
the low energy side if temperature increases, whereas the position of the cor-
responding band in the bulk remains the same at any temperature. Similar red
shift of the emission band is known for other complex oxide compounds taking
the form of ABO, with A standing for a monovalent alkaline, divalent alkaline
earth, or trivalent lanthanide metal ion, and B for W, Mo, V, or P. According to
the literature [157-159] the red-shifted emission band in ABO, materials is relat-
ed to perturbed or defected metal-oxide molecular complex. This means that the
red-shifted broad emission band in the nanocrystalline sample stems from the
(VO,)?* molecular complex, which is close to the surface of a nanoparticle.
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Fig. 5.6 Temperature dependencies of the intrinsic emission bands in bulk and
nanocrystalline YVO,:Eu under UV excitation
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We have applied Mott and Seitz equation to the temperature dependence
and evaluated activation energies for thermal quenching of intrinsic emission
in bulk and nanocrystalline YVO,:Eu by analogy how it was described in [160].
Activation energies obtained for bulk and nano are equal with 59 meV and
35 meV respectively. Such a difference in activation energies also confirms that
emission centres responsible for blue intrinsic emission in bulk and nanocrys-
tals are different: the regular and surface related (VO,)*- complex in bulk and
nano, correspondingly.

The intensity of the broad blue emission in respect of the intensity Eu®*
lines is highest in non-covered nanocrystals, while it is absent in YVO,Eu@YF;
nanocrystals. This means that YF; protection layer around YVO,:Eu nanoparti-
cle increases the intensity of Eu®** emission not only due to a passivation of sur-
face loss centres but also because of switching off one of competing relaxation
channels - luminescence of (VO,)*~. We suggest the following scenario explain-
ing the behaviour of intrinsic emission in nanosized YVO,Eu and YVO,Eu@
YF; samples. Excited (VO,)* molecular complex tends to have a quick energy
transfer to neighbouring activator ions. Taking into account that (VO,)*- mo-
lecular complex is a part of the host lattice, obviously, its concentration, in any
case, is higher than the concentration of Eu**. Furthermore, since a radiative f-f
transition in Eu’* is forbidden it is a relatively slow (please see the decay kinet-
ics below) and each Eu’* jon cannot accept energy again while it is not relaxed,
there are some residual amount of excited (VO4)*  complexes, which relax ra-
diatively in the bulk sample producing blue intrinsic emission band (Fig. 5.5).
On the other hand, energy transfers from (VO,)*- complexes to Eu®* ions are
restricted by nanoparticle size of nanopowders. Some amount of excited (VO,)*"
centres is able to transfer energy to nearest Eu®* ions only, whereas a long-dis-
tance energy transfer is restricted by nanoparticle size. The energy transfer oc-
curs via similar (VO,)*- complexes, however, surface related (VO,)*- complexes
are perturbed by surface and therefore they are distinguished from the corre-
sponding volume complexes. Therefore, surface (VO,)*- complexes are termi-
nate stage of energy transfer, i.e. reaching the surface (VO,)*- complexes the ra-
diative decay takes place producing the broad blue emission band (Fig. 5.5). The
energy transfer via VO, centres is quick but nanoparticle size is small, meaning
that the probability of energy transfer to Eu®* or to the surface of a nanoparti-
cle is very similar. Therefore, the intensities of the Eu** and blue emissions de-
picted in Fig. 5.5 are comparable. The absence of the intrinsic emission band in
YVO,Eu@YF; sample can be explained by the equivalency between a surface
and a volume (VO,)* centres in core-shell layered YVO,Eu@YF; nanoparti-
cles. This means that excited (VO,)3~ centre near core surface is not the last stop
of energy transfer anymore and it can transfer energy back to the next vana-
date-oxygen complexes in volume of nanoparticle until a non-excited Eu** ion
is found. Since nanoparticles’ size is small, the probability of energy transfer to
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Eu’* ions in such conditions is very high. Our model successfully explains the
absence of the blue intrinsic emission with simultaneous increase of the intensi-
ty of Eu’* in the emission spectrum of core-shell layered YVO Eu@YF; depict-
ed in Fig. 5.5.
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Fig. 5.7 Excitation spectra of Eu?* emission in the bulk, nanosized and nanosized
YF;-covered YVO :Eu at 10 K in the 3.5-10 eV (a) and 3.5-40 eV (b) spectral ranges

Excitation spectra for Eu** emission for three samples studied are depicted
in Fig. 5.7. Spectra are normalised for better comparison. At least three peaks
could be resolved in the excitation spectra for all samples studied: at 4 eV, 5 eV,
and 6 eV. Taking into account that similar excitation spectra are observed for
YVO,:Eu samples which were produced by different methods we can conclude
that the structure of the excitation spectra in 3.5-7.0 eV spectral range has in-
trinsic nature. For instance, we suppose that density of states in vanadate bands
is responsible for the structure of the excitation spectra.

The most significant distinction in the excitation spectra between bulk and
nano YVO, Eu is observed in the high energy part. The excitation spectrum for
bulk YVO,:Eu has a strong rise at energies higher than 10 eV reaching maxi-
mum at 30 eV. It is necessary to note that the intensity of the excitation peak
at 30 eV is very close to most intensive peak at 4 eV. Such strong intensive ex-
citation of Eu** emission with photons with energies near 25 eV could have
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practical application. For instance, in helium discharge lamps taking into ac-
count the first ionisation potential 24.581 eV of helium gas.

Exploring excitation spectra for nanosized YVO,:Eu and nanosized core-
shell covered YVO,:Eu we can conclude that multiplications of electronic ex-
citations processes are strongly suppressed there. Indeed, the intensity of the
excitation peak at 30 eV in nanosized YVO,:Eu is about 30% but in nanosized
YVOEu@YF is about 10% comparing with the bulk sample. The degradation
of the excitation spectrum in nano YVO,:Eu could be explained by surface trap-
ping of hot electrons that were excited from yttrium and vanadium core orbit-
als to the conduction band. The surface passivation by nanoparticle covering
in the YVO42Eu@YF sample does not help to increase the intensity of the exci-
tation peak in 12-45 eV range. Since band gap energy of the shell YF; is about
11 eV [161] it is supposed that YF; layer around YVO,:Eu nanoparticles works
as “shield” absorbing partially excitation energy intended for the YVO,:Eu core.
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Fig. 5.8 The comparison of the excitation spectra of Eu®>* and intrinsic emissions in
bulk and nanocrystalline YVO ;:Eu3*

By comparing excitation spectra of impurity (Eu**) and intrinsic (blue)
emissions in bulk and nanocrystalline YVO,:Eu’* it is clearly seen than the exci-
tation spectra for two emissions in bulk sample are identical (Fig. 5.8). Whereas
in the nanosized sample, the efficiency of Eu®" emission is significantly less than
the efficiency of the intrinsic one. The most prominent difference between the
efficiency of Eu®* and intrinsic emissions is observed in 10-40 eV spectral range.
The Fig. 5.9 shows the intensity ratio spectrum for the emission Eu** and the
intrinsic emission. The ratio Ijg,)/Tjnyinsico drops down below 0.5 in the spectral
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range 10-40 eV. This is the additional argument, which demonstrates that elec-
trons and holes in the nanoparticles under high-energy excitation tend to be
trapped by a surface with subsequent relaxation via radiative recombination
within (VO,)*- complex. Such process is a competing relaxation channel, com-
paring with the radiative relaxation of Eu** ions and, therefore, it leads to the
degradation of Eu** emission under high-energy excitations.
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Fig. 5.9 The ratio of excitation spectra of Eu3* and intrinsic emissions in
nanocrystalline YVO ;:Eu3*

5.2.2. YVO :Eu luminescence under laser excitation

To gain more information about luminescence properties in macrocrystal-
line and nanocrystalline YVO:Eu powders we have measured the luminescence
decay kinetics for both intrinsic emission and Eu®*" emissions under 266 nm
laser excitation. Time-resolved luminescence characteristics have been carried
out under excitation of tunable pulsed solid-state laser PG401/SH pumped by
PL2143/Pre-T laser (pulse duration ~30 ps) from Ekspla and using Bruker Op-
tics SPEC 250IS/SM monochromator/spectrometer coupled to a Streak Scope
C4334 (time resolution better than 30 ps) from Hamamatsu.

Temperature dependence of normalised decay kinetics of the intrin-
sic emissions for macroscopic and nanosized YVO,:Eu are depicted in Figs.
5.10(a) and 5.10(b), respectively. These decay kinetics are non-exponential at
any temperature. This result contradicts to the data for YVO, single crystals
where intrinsic luminescence has a single exponential decay in wide tempera-
ture range [162]. A deviation from a single exponential decay law means that
both bulk and nanosized samples have non-radiative relaxation centres. Increas-
ing temperature the probability of non-radiative transitions increases and de-
cay kinetics of intrinsic luminescence become faster. However, it is clearly seen
from Figs. 5.10(a) and 5.10(b) that the temperature quenching is much more
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pronounced in the nanocrystalline sample where the decay kinetics shortening
starts already at a temperature higher than 50 K, whereas the threshold for the
temperature quenching for the bulk YVO,:Eu is higher than 100 K. This means
that non-radiative relaxation centres (most likely surface related centres) play
a more significant role in the intrinsic luminescence band degradation in the
nanocrystalline sample rather than in the bulk one. If the blue intrinsic emission
in nanocrystals stems from (VO,)*~ complexes from nanoparticles’ surface, then
the behaviour of decay kinetics of nanocrystalline YVO:Eu is cogent.
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Fig. 5.10 Temperature dependence of intrinsic emission decay kinetics in
macroscopic and nanosized YVO,:Eu under 266 nm excitation

The comparison of the decay kinetics of Eu** emission at room temperature
for the bulk, nanocrystalline and core-shell layered nanocrystalline YVO,:Eu is
given in Fig. 5.11. It is necessary to note, the decay kinetics of Eu** luminescence
do not depend on the temperature in the contrast to the decay kinetics of in-
trinsic emission. The decay kinetic for the bulk sample (Fig. 5.11) is exponen-
tial with a decay time constant about 1 ms that is typical for Eu** luminescence
[16]. On the other hand, the decay kinetics of Eu** luminescence for both un-
coated and core-shell layered nanocrystalline samples does not obey the single
exponential low. These two decay kinetics (red and green lines in Fig. 5.11) are
identical and significantly faster than the corresponding decay kinetic for the
bulk YVO,:Eu. This can be explained by energy transfer from the excited state
of europium to quencher centres as discussed before for many nanophosphors
[54, 65, 163]. The origin and the exact nature of these quenchers are not yet un-
derstood. However, due to the similarity of the decay kinetics of Eu** emission
for the uncoated and the coated YVO,Eu nanoparticles we can suppose that YF;
core-shell layer cannot remove quencher centres responsible for the decay kinet-
ics shortening. This means that the recovery of Eu’* emission intensity in core-
shell layered nanoparticles is achieved at the expense of the suppression of the
intrinsic emission but not due to the passivation of surface loss centres.
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Fig. 5.11 Decay kinetics of Eu** emission in macroscopic, nanosized and nanosized
YF; covered YVO :Eu under 266 nm excitation at 300 K

5.3. Y;Al;0,,:Ce luminescence

Luminescence spectra of all YAG:Ce nanopowders in the present study were
investigated under two excitations — 115 nm (11 eV) high-energy excitation (ex-
ceeding band gap energy of YAG) and 210 nm (6 eV) energy (below than band
gap energy of YAG). The luminescence spectra of YAG:Ce nanopowders under
high-energy excitation at room temperature are shown in Fig. 5.12(a—e). In this
figures, one can see that all spectra demonstrate only yellow-green emission of
regular Ce** in YAG. There are no significant differences in the spectra shapes
depending on Ce’* concentration. The emission spectrum for the single crys-
tal given for comparison (Fig. 5.12(f)) also does not reveal any principle dis-
tinguishes with the emission spectra of the nanopowders. It is known, that the
regular Ce*" emission in YAG arises due to transition from 5d excited state to a
4f ground state of Ce** ions. The ground state of Ce*" ion consists of two levels:
°F,,, and ?Fj,,, and therefore, the Ce*" emission band is split [103,164] showing a
double structure of the emission spectra observed in Fig. 5.12(a-f). On the oth-
er hand, the emission spectra of YAG:Ce nanopowders are drastically changed if
excitation energy is below than band gap energy of YAG. In this case, addition-
ally to the yellow-green emission of the regular Ce** (peaking at 520 nm) the in-
tensive emission in the blue-UV spectral range was observed in all nanopowders
studied under 210 nm (5.9 eV) excitation (Fig. 5.12(g-1)). Note that intensity
of the blue-UV depends on Ce*" concentration in YAG nanopowders. One can
see that this emission can reach up to 75% of the intensity of the regular Ce**
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emission in 0.5% doped nanopowder and it suppresses strongly if the Ce** con-
centration in nanopowders increases from 0.5% to 5%. It is important to note
that in contrast to nanopowders, only regular Ce** emission band with a max-
imum at 2.4 eV (520 nm) was detected for single crystal under any excitations.
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Fig. 5.12 Emission spectra of YAG: Ce nanopowders having different Ce3*
content under 115 nm (10.78 eV) (a-e) and 210 nm (5.9 eV) (g-1) excitations.
The luminescence spectra of the YAG:Ce single crystal under corresponding

excitations are given for comparison (f, m)

The excitation spectra of nanosized Ce** doped YAG (0.5 % concentration)
samples for both emissions - yellow-green Ce** emission and UV differs from
ones of YAG:Ce single crystal (Fig. 5.13). The excitation spectrum of the regular
Ce3* emission in the single crystal reveals several excitation bands in the trans-
parency region of YAG: ~340 nm (3.7 eV), 270 nm (4.59 eV), 220 nm (5.6 eV),
and 205 nm (6.05 eV) (see arrows in Fig 5.13(a)) due to splitting of 54 excited
state of Ce3* in the crystalline field of D, symmetry, when Ce** ion is incorpo-
rated into the YAG lattice substituting Y3* ion. The same excitation peaks can
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be also resolved in the excitation spectrum of regular Ce** emission in nano-
powder samples despite their relatively low intensity and increased broadening.
Additionally to the excitation bands due to 4f-5d transitions the strong exci-
tation is observed in the excitonic spectral range in YAG:Ce single crystal just
below band gap energy of YAG (8 eV). It is clearly seen (Fig 5.13(a)) that ex-
citonic excitations are strongly suppressed in the nanocrystalline sample [165].
The excitation curves at energies higher than 8 eV are identical for the single
crystal and nanopowders. The rise of Ce?* intensity at energies exceeding 8 eV
was explained by the direct impact excitation of Ce** centres by hot photoelec-
trons as well as by the multiplications of electronic excitation processes [107].
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Fig. 5.13 Comparison of excitation spectra of green (2.3 eV) (a) and blue (3.0 eV) (b)
emission for one of YAG nanopowder at 10 K

The excitation spectrum of the 400 nm emission contains the strong main
peak at 210 nm (5.9 eV) with the well-resolved shoulder at 240 nm (5.17 eV)
and the low energy peak at about 330 nm. The result showed Fig 5.13 indicates
that the excitation spectrum of the blue-UV emission is incomparable with
the excitation bands of the regular Ce** emission observed for both single and
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nanocrystalline samples in 4-8 eV spectral range. Therefore, the excitation spec-
trum of the blue-UV emission cannot be simply explained in term of crystal
field splitting of the 5d! state of the regular Ce** jon. The excitation spectrum
of the blue-UV emission shows that this emission cannot be effectively excited
at energies higher than band gap energy in YAG (8 eV), probably there is ex-
tremely weak energy transfer efficiency from YAG lattice to the emission centre
responsible for the blue-UV emission band in YAG:Ce nanocrystals.
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Fig. 5.14 Decay kinetics of the regular yellow-green (a) and the blue-UV (b)
emissions for YAG:Ce nanocrystals having different Ce3* concentration. The decay
kinetic of the regular yellow-green emission band for the single crystal is given for

comparison in (a)

Emission decay kinetics of both regular yellow-green and the blue-UV
emissions in YAG:Ce nanocrystals are shown in Fig. 5.14. The decay kinetic of
the regular Ce®* emission observed in the single crystal is added for compari-
son in Fig. 5.14(a). Observed decay kinetics in nanocrystals is faster comparing
with decay kinetics of bulk due to non-radiative relaxation induced by surface
loss centres that always occur in nanoparticles’ surface [46, 54, 91]. Increasing
Ce** concentration ions leads to increased number of Ce** ions on surface sites
of nanoparticles where the influence on surface loss centres is strong. Describ-
ing decay kinetics of blue-UV emission (Fig. 5.14(b)) we see that they are much
faster than the yellow-green one: the decay time constant of the blue-UV emis-
sion can be roughly estimated as about 6-8 ns. It is clearly seen that blue-UV
emission band kinetics is no any significant dependency from Ce3* concentra-
tion in the nanocrystals examined.

Different excitation spectra and difference in emission decay kinetics ob-
tained for yellow-green and blue-UV emission bands indicate that this emission
arises from the different emission centres. The origin of the yellow-green emis-
sion is evident - the regular Ce’* ion substituting Y3+ site (Ce?*y). Luminescence
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properties of this centre in the nanocrystalline samples can be described and ex-
plained by analogy with the bulk YAG:Ce.

Taking into account that the XRD analysis did not reveal any difference in
the structure of the nanocrystals and bulk YAG [18, 167] we suggest that the
blue-UV emission occurs due to the reduced size of the nanoparticles. The size
of a nanoparticle is about 20 nm and it definitely cannot induce quantum con-
finement effects in the nanocrystals studied. However, the contribution of sur-
face drastically increases in nanoparticles having such particle size. Therefore,
such nanoparticles can have significant numbers of specific centres related to
the surface of the nanoparticle (or located close to the surface), which are not
typical for the corresponding bulk material. Furthermore, since the intensity of
blue-UV emission depends strongly on the Ce* concentration (Fig. 5.12(g-1))
we suggest that the centre responsible for the blue-UV emission is Ce** ion in
some specific site of YAG lattice. This specific site for Ce** ion should be un-
usual for bulk YAG:Ce because we did not detect the blue-UV emission in the
crystal under any excitations (Fig. 5.12(f,m)). It is suggested that without any
charge compensation Ce3* ion can successfully substitute Al** site in YAG form-
ing the Ce®*,, centre. It is known that AI’* sites in YAG have the nearest sur-
roundings of two types: tetrahedral and octahedral. If the Ce3* replaces the AI**
ions that are located in octahedral positions, it has 6-coordinated nearest sur-
roundings while tetrahedral Ce*,; is 4-coordinated. In any case, Ce’*, ion has
another symmetry because regular Ce**y ion nearest surroundings are 12-coor-
dinated. This means that there is an absolutely different crystal field splitting of
5d excited state for Ce3*,; and Ce**y centres. Hence, Ce*t,; and Ce3*y centres
have spectrally different emission bands: the blue-UV and yellow-green, respec-
tively. The difference in the crystal field splitting for Ce**,; and Ce’*y centres is
confirmed also by their excitation spectra (Fig. 5.13). The existence of two types
of non-equivalent Al** sites in YAG means that most likely there are two types
of Ce’ty centres in nanocrystals. It explains unusual broadening the blue-UV
emission.

Since ionic radii of the aluminium and cerium are different (1.15 A for
Ce** and 0.675 A for AI**) the formation of Ce’*,; in bulk YAG:Ce is impossi-
ble. However, in contrast to bulk YAG:Ce nanoparticles have a big surface area
where a relatively large Ce** ion can successfully substitute Al** site on surface
of the nanoparticle. Surface origin of Ce**,, in YAG:Ce nanocrystals are con-
firmed by the following: i) the strong concentration quenching of the intensity
of the blue-UV emission (Fig. 5.12(g-1)); ii) unusual fast decay kinetics of the
blue-UV emission (Fig. 5.14(b)). Indeed, increasing Ce** concentration leads
to the high concentration of Ce*,, ions in the restricted surface area creating
favourable conditions for non-radiative cross-relaxation processes resulting in
the degradation of the blue-UV emission band (see evolution in Fig. 5.12(g-1).
Furthermore, nanoparticle’s surface always has some amount of surface loss
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centres, which significantly increase the probability of non-radiative processes
shortening emission decay time. Obviously, the influence of surface loss cen-
tres is stronger if luminescence centres are close to the surface of the nanopar-
ticle. Since the decay time of the blue-UV emission is much faster than the yel-
low-green one, we conclude that Ce**,, centres stem from the surface site or in
the close vicinity of surface of the nanoparticle.

5.4. AWO, (A=Zn, Ni) luminescence

Luminescence spectra of micro and nanosized ZnWO, and NiWO, regis-
tered under 90 nm excitation at low temperature presented in Fig. 5.15. Note
that the photoluminescence spectra in Fig. 5.15 have been normalised at the
band maximum, and their intensity should not be compared.
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Fig. 5.15 Luminescence spectra of microcrystalline NiWO, and ZnWO, crystals (a)

Luminescence spectra of nanocrystalline ZnWO, and NiWO, (b). All spectra were

recorded under 90 nm excitation at low temperatures (10 K for ZnWO, and 80 K
for NiwO,)

The photoluminescence spectrum of microcrystalline ZnWO, powders
spans from 1.5 eV to 3.5 eV and has its intensity maximum around 2.5 eV. The
origin of the band has been previously assigned to radiative electron transitions
within the [WO;]®~ molecular complex [114, 143]. Luminescence spectra of mi-
crocrystalline NiWO, also span from 1.5 eV to 3.5 €V, but have its maximum
at 2.25 eV and have a shoulder at 2.5 eV. The irregular asymmetric shape of the
emission band in microcrystalline NiWO, is close to that which was observed
previously in solid solutions Zn Ni, WO, [159], as for Zn Ni; WO, the emis-
sion band at 2.26 eV was also observed. The origin of such band shape can be
attributed to the self-absorption effect, i.e. to a modulation of optical absorp-
tion by the intense intraion transition within Ni**(*dg) ions from the ground
state JA,, to the excited state 3T [167]. Comparing luminescence spectra on
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nanocrystalline ZnWO, and NiWO, we can see that the maximum of the pho-
toluminescence band in nano-NiWO, is shifted by 0.32 eV to higher energy
compared to nano-ZnWO, and is located at 2.7 eV. Such a blue-shift can be ex-
plained by a difference in the relaxation of WO, octahedra in the two tungstates,
which is directly evidenced by W L3-edge EXAFS data described in [168].
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Fig. 5.16 Excitation spectra of microcrystalline ZnWO, for 560 nm emission at room
temperature

The excitation spectra of microcrystalline ZnWQO, (annealed at 400 °C and
900 °C) for intrinsic luminescence is depicted in Fig. 5.16. The excitation spec-
trum of micro ZnWO, consists of a strong band at 4 eV having the excitonic
origin. The intensity of the excitation spectra of both ZnWO, starts to grow in
the energy region above ~ 11 eV due to the beginning of the multiplication of
electronic excitation (MEE) process. In this process, a secondary electron-hole
(e-h) pair is created due to the inelastic scattering of a sufficiently “hot” photo-
electron, having an energy exceeding twice that of the band gap value. Further
increase of the excitation energy results in deeper valence electrons starting to
participate in MEE process. When the photon energy reaches ~ 17 €V, ie. =
2Eg + Ev, where Eg = 4.6-4.9 is the band gap energy and Ev =7.5 eV is the va-
lence band for ZnWO,, the electron from the bottom of the valence band par-
ticipate in the MEE process, and the intensity of the excitation spectra exhausts.
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The broad bands in excitation spectra of microcrystalline ZnWO, at 5-6 eV,

8-10¢eV, 12 eV, 13.5 eV, 15 eV and 16 eV are due to the one-electron transitions
from the top of the valence band.
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Fig. 5.17 Excitation spectra of nanocrystalline ZnWO, at 400 and 650 nm emission at
room temperature

The excitation spectra of nanocrystalline ZnWO, detected at 400 nm and
650 nm emission wavelength are depicted in Fig. 5.17 and are close to that from
microcrystalline samples. However, a strong band of the excitonic origin in na-
no-ZnWO, is shifted to smaller energies below 4.0 eV. A set of peaks observed at
6,9, 12 and 16 eV for nano ZnWO, is suggested to be attributed to the one-elec-
tron transitions from the top of the valence band to quasi-localized states.

Excitation spectra of both micro and nanocrystalline NiWO, detected at
450 nm are presented in Fig. 5.18. The excitation spectra of microcrystalline
NiWO, show some temperature dependence in the range from 7 to 80 K due
to the lattice expansion Difference in excitation spectra of NiWO, and ZnWO,
is due to the difference of about 1eV in the band gaps: Eg = 3.6 eV [142] for
NiWO,, but Eg = 4.6 eV for ZnWO, [114]. As a result, the strong excitonic band
clearly visible in ZnWO, is not observed in present data for NiWO, due to the

spectrometer range resolutions — the excitonic band is expected to be located
below 3.7 eV.
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Fig. 5.18 Excitation spectra of micro- and nanocrystalline NiWO,

The excitation spectra of nanocrystalline NiWO, detected at 450 nm
emission wavelength are close to that of microcrystalline samples. Similarly to
ZnWO, the broad bands at 5-6 eV, 8-10 €V, 12 eV, 13.5 eV and 16 eV are due to
the one-electron transitions from the top of the valence band. These transitions
are even more pronounced in the case of nano-NiWO, due to quasi-localized
nature of the involved electronic states. This suggestion about the one-electron
transitions from the top of the valence band to quasi-localized states was proved
theoretically with (LCAO) calculations in [133].
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6. THESES

In contrast to the macrocrystalline analogue, effective excitation of Tb** lu-
minescence in nanosized LaPO,:Ce,Tb in the VUV spectral range is possi-
ble after an energy transfer from Ce* only.

Degradation of the emission as well as excitation spectra in a VUV range
in nanosized LaPO,:Ce,Tb and YVO,:Eu phosphors could be explained by
charge carriers trapping during their thermalisation by surface defects with
subsequent non-radiative relaxation.

The main reason of Eu** luminescence intensity recovery in YF; core-shell
layered nanocrystalline YVO,:Eu is explained by switching off a strong
competing relaxation channel - intrinsic emission, but not due to a passiva-
tion of the surface.

New blue-UV emission band has been discovered in Y;Al;0,,:Ce nanocrys-
tals. It is suggested that Ce®" ion substituting AI3* is the emission centre of
this blue-UV luminescence.

In nanosized ZnWQ, and NiWO,, a number of bands are observed in the
excitation spectra. It is suggested that bands are connected with one-elec-
tron transitions from the top of the valence band to quasi-localized states.

55



10.

11.

12.

13.

14.

15.

16.

17.

7. REFERENCE LIST

H.A. Hoppe Recent Development in the Field of Inorganic Phosphors. Angewandte Che-
mie International Edition, 2009, vol. 48, pp. 3572-3582

M. Feneberg, M. Roppischer, N. Esser, C. Cobet, B. Neuschl, T. Meisch, K. Thonke,
R. Goldhahn Synchrotron-based photoluminescence excitation spectroscopy applied to
investigate the valence band splittings in AIN and Aly4,Ga,osN. Applied Physics Letters,
2011, vol. 99, pp. 021903

K. Korthout, P. F. Smet, D. Poelman Rare earth doped core-shell particles as phosphor
for warm-white light-emitting diodes. Applied Physics Letters, 2011, vol. 98, pp. 261919
V. Pankratov, V. Osinniy, A. Kotlov, A. Nylandsted Larsen, B. Bech Nielsen Si nano-
crystals embedded in SiO,: Optical studies in the vacuum ultraviolet range. Physical Re-
view B, 2011, vol. 83, pp. 045308

H. Goesmann, C. Feldmann Nanoparticulate Functional Materials. Angewandte Chemie
International Edition, 2010, vol. 49, pp. 1362-1395

E. Vetrone, R. Naccache, A. Zamarron, A.]. de la Fuente, F. Sanz-Rodriguez, L. Mar-
tinez Maestro, E.M. Rodriguez, D. Jaque, J.G. Sole, J.A. Capobianco Temperature sen-
sing using fluorescent nanothermometers. ACS Nano, 2010, vol. 4, pp. 3254-3258

X. Gao, Y. Cui, R.M. Levenson, L.W.K. Chung, S. Nie In vivo cancer targeting and ima-
ging with semiconductor quantum dots. Nature biotechnology, 2004, vol. 22, pp. 969-976
A. Zharkouskay, H. Lunsdorf, C. Feldmann Ionic liquid-based synthesis of luminescent
YVO,: Eu and YVO,Eu@YF; nanocrystals. Journal of Materials Science, 2009, vol. 44,
pp. 3936-3942

C. Feldmann, T. Justel, C.R. Ronda, P.J. Schmidt Inorganic luminescent materials: 100 ye-
ars of research and application. Advanced Functional Materials, 2003, vol. 13, pp. 511-516
G. Zimmerer SUPERLUMI: A unique setup for luminescence spectroscopy with syn-
chrotron radiation. Radiation Measurements, 2007, vol. 42, pp. 859

T. Balasubramanian, B. N. Jensen, S. Urpelainen, B. Sommarin, U. Johansson,
M. Huttula, R. Sankari, E. Nommiste, S. Aksela, H. Aksela, R. Nyholm The Normal
Incidence Monochromator Beamline I3 on MAX III. AIP Conference Proceeding, 2010,
vol. 1234, pp. 661

G. Buehler, C. Feldmann Microwave-Assisted Synthesis of Luminescent LaPO:Ce, Tb
Nanocrystals in Ionic Liquids. Angewandte Chemie International Edition, 2006, vol. 45,
pp. 4864-4867

W. van Schaik, S. Lizzo, W. Smit, G. Blasse Influence of Impurities on the Luminescence
Quantum Efficiency of (La, Ce, Tb) PO,. Journal of The Electrochemical Society, 1993,
vol. 140, pp. 216-222

B.M.J. Smets Phosphors Based on Rare-Earths, A New Era in Fluorescent Lighting. Ma-
terials Chemistry and Physics, 1987, vol. 16, pp. 283-299

G. Blasse, B.C. Grabmaier Luminescent Materials. Berlin Heidelberg: Springer-Verlag,
1994.

W. M. Yen, S. Shionoya, H. Yamamoto Phosphor Handbook 2nd Edition. Boca-Raton:
CRC Press, 1999.

P. Mazur, D. Hreniak, J. Niittykoski, W. Strek, J. Holsa Formation of Nanostructured
Tb**-doped Yttrium Aluminium Garnets by the Glycol Route. Materials Science-Poland,
2005, vol. 23, pp. 261-268

56



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

R. Fedyk, D. Hreniak, W. Lojkowski, W. Strek, H. Matysiak, E. Grzanka, S. Gierlotka,
P. Mazur Method of Preparation and Structural Properties of Transparent YAG Nanoce-
ramics. Optical Materials, 2007, vol. 29, pp. 1252-1257

G. Huang, Y. Zhu Synthesis and photocatalytic performance of ZnWO, catalyst. Mate-
rials Science and Engineering B, 2007, vol. 139, pp. 201-208

A. Kalinko, A. Kuzmin Raman and photoluminescence spectroscopy of zinc tungstate
powders. Journal of Luminescence, 2009, vol. 129, pp. 1144-1147

A. Kalinko, A. Kuzmin Static and dynamic structure of ZnWO, nanoparticles. Journal of
Non-Crystalline Solids, 2011, vol. 357, pp. 2595-2599

K.N. Shinde, S.J. Dhoble, H.C. Swart, K. Park Phosphate Phosphors for Solid-State Ligh-
ting. Berlin: Springer-Verlag Berlin Heidelberg, 2012.

G. H. Dieke, H. M. Crosswhite The Spectra of the Doubly and Triply Ionized Rare
Earths. Applied Optics, 1963, vol. 2, pp. 675-686

N. Hashimoto, Y. Takada, K. Sato, S. Ibuki Green-luminescent (La,Ce)PO,:Tb phosphor
for small size fluorescent lamps. Journal of Luminescence, 1991, vol. 48-49, pp. 893-897
T. Norby, N. Christiansen Proton conduction in Ca- and Sr- substituted LaPO,. Solid
Stae Ionics, 1995, vol. 77, pp. 240-243

Y. Hikichi, T. Ota, K. Daimon, T. Hattori, M. Mizuno Thermal, mechanical, and che-
mical properties of sintered xenotime-type RPO, (R =Y, Er, Yb, or Lu). Journal of the
American Ceramic Society, 1988, vol. 81, pp. 2216-2218

Y. Fang, A. Xu, R. Song, H. Zhang, L. You, J.C. Yu, H. Liu Systematic synthesis and cha-
racterization of single-crystal lanthanide orthophosphate nanowires. Journal of American
Chemical Society, 2003, vol. 125, pp. 16025-16034

S.-H. Kim, Z.Y. Fu, K. Niihara, S.W. Lee Effects of monazite-type LaPO, and powder
processing on the mechanical and thermal properties of yttria stabilized zirconia compo-
sites. Journal of Ceramic Processing Research, 2011, vol. 12, pp. 240-246

P.V. Ananthapadmanabhan, K.P. Sreekumar, T.K. Thiyagarajan, R.U. Satpute, K. Krish-
nan, N.K. Kulkarni, T.R.G. Kutty Plasma spheroidization and high temperature stability
of lanthanum phosphate and its compatibility with molten uranium. Materials Chemistry
and Physics, 2009, vol. 113, pp. 417-421

P. Savchyn, I. Karbovnyk, V. Vistovskyy, A. Voloshinovskii, V.Pankratov, M.C. Guidi,
O. Mirri, M. Riabtseva, N. Mitina, A.Zaichenko, A.I. Popov Vibrational properties of
LaPO, nanoparticles in mid- and far-infrared domain. Journal of Applied Physics, 2012,
vol. 112, pp. 124309-1-124309-6

V. Pankratov, A.I. Popov, A. Kotlov, C. Feldmann Luminescence of nano- and ma-
crosized LaPO:Ce,Tb excited by synchrotron radiation. Optical Materials, 2011, vol. 33,
pp. 1102-1105

M.T. Schatzmann, M.L. Mecartney, P.E.D. Morgan Synthesis of monoclinic monazite,
LaPO,, by direct precipitation. Journal of Materials Chemistry, 2009, vol. 19, pp. 5720-5722
E. Nakazawa, F. Shiga Vacuum ultraviolet luminescence-excitation spectra of RPO,:Eu®*
(R=Y, La, Gd and Lu). Journal of Luminescence, 1977, vol. 15, pp. 255-259

U. Sasum, M. Kloss, A. Rohmann, L. Schwarz, D. Haberland Optical properties o
some rare earth and alkaline rare earth orthophosphates. Journal of Luminescence, 1997,
vol. 72-74, pp. 257-259

T.S. Malyy, V.V. Vistovkyy, Z.A. Khapko, A.S. Pushak, N.E. Mitina, A.S. Zaichen-
ko, A.V. Gektin, A.S. Voloshinovskii Recombination luminescence of LaPO,-Eu and
LaPO,-Pr nanoparticles. Journal of Applied Physics, 2013, vol. 113, pp. 224305-224305-7
C. Babelot Monazite-type ceramics for conditioning of minor actinides: structural characte-
rization and properties. Julich: Julich Forschungszentrum, 2012.

M. Ferhi, K. Horchani-Naifer, M. Ferid Hydrothermal synthesis and photolumines-
cence of the monophosphate LaPO,:Eu(5%). Journal of Luminescence, 2008, vol. 128,
pp. 1777-1782

57



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

D. Men, M.L. Mecartney Superplasticity and machinability in a four-phase ceramic. Ma-
terials Research Bulletin 47, 2012, vol. 47, pp. 1925-1931

B. Narasimha, R.N.P. Choudhary, K.V. Rao Dielectric properties of LaPO, ceramics.
Journal of Materials Science, 1988, vol. 23, pp. 1416-1418

Y. Hikichi, T. Nomura Melting temperatures of monazite and xenotime. Journal of the
American Ceramic Society, 1987, vol. 70, pp. C-252-C-253

X.Q. Cao, R. Vassen, D. Stroever Ceramic materials for thermal barrier coatings. Journal
of the European Ceramic Society, 2004, vol. 24, pp. 1-10

P.E.D. Morgan, D.B. Marshall, R.M. Housley High temperature stability of monazi-
te-alumina composites. Materials Science and Engineering: A, 1995, vol. 195, pp. 215-222
N. Saltmarsh, G.A. Kumar, M. Kailasnath, V. Shenoy, C. Santhosh, D.K. Sardar Spec-
troscopic characterizations of Er doped LaPO, submicron phosphors prepared by ho-
mogeneous precipitation method. Optical Materials, 2016, vol. 53, pp. 24-29

K. Riwotzki, H. Meyssamy, H. Schnablegger, A. Kornowski, M. Haase Liquid-phase
synthesis of colloids and redispersible powders of strongly luminescing LaPO:Ce,Tb na-
nocrystals. Angewandte Chemie International Edition, 2001, vol. 40, pp. 573-576

S. Heer, O. Lehmann, M. Haase, H.U. Gudel Blue, green, and red upconversion emis-
sion from lanthanide-doped LuPO, and YvPO, nanocrystals in a transparent colloidal
solution. Angewandte Chemie International Edition, 2003, vol. 42, pp. 3179-3182

K. Riwotzki, H. Meyssamy, A. Kornowski, M. Haase Liquid-phase of doped nanopartic-
les: colloids of luminescing LaPO,:Eu and CePO,:Tb particles with a narrow particle size
distribution. The Journal of Physical Chemistry B, 2000, vol. 104, pp. 2824-2828

C.W. Struck Short luminescence delay time phosphors. (1963)

B. Dubertret, P. Skourides, D.J. Norris, A.H. Brivanlou, A. Libchaber In vivo ima-
ging of quantum dots encapsulated in phospholipid micelles. Science, 2002, vol. 298,
pp. 1759-1762

T. Pellegrino, S. Kudera, T. Liedl, A. Munoz Javier, L. Manna, W. Parak On the deve-
lopment of colloidal nanoparticles towards multifunctional structures and their possible
use for biological application. Small, 2005, vol. 1, pp. 48-63

C.R. Patra, R. Bhattacharya, S. Patra, S. Basu, P. Mukherjee, D. Mukhopadhyay Inor-
ganic phosphate nanorods are a novel fluorescent label in cell biology. Journal of Nano-
biotechnology, 2006, vol. 4, pp. 11

J.C. Bourcet, F. K Fong Quantum efficiency of diffusion limited energy transfer in La,
,Ce,Tb,PO,. Journal of Chemical Physics, 1974, vol. 60, pp. 34-39

P. Meunier-Beillard, B. Moine, C. Dujardin, X. Cieren, C. Pedrini. D. Huguenin,
V. Arachambault Excitation trapping in LaPO, doped with trivalent cerium and/or ter-
bium ions. Radiation Effects and Defects In Solids, 1999, vol. 150, pp. 47-52

J.M.P.J. Verstegen, J.L. Sommerdijk, J.G. Verriet Cerium and terbium luminescence in
LaMgAl, 0. Journal of Luminescence, 1973, vol. 6, pp. 425-431

V. Pankratov, A.L. Popov, S.A. Chernov, A. Zharkouskaya, C. Feldmann Mechanism
for energy transfer processes between Ce** and Tb** in LaPO,:Ce,Tb nanocrystals by ti-
me-resolved luminescence. Physica Status Solidi (b), 2010, vol. 247, pp. 2252-2257

M. Yu, J. Lin, J. Fu, Y.C. Han Sol-gel fabrication, patterning and photoluminescent
properties of LaPO,:Ce*",Tb*" nanocrystalline thin films. Chemical Physics Letters, 2003,
vol. 371, pp. 178-183

G. Stryganyuk, D.M. Trots, A. Voloshinovskii, T. Shalapska, V. Zakordonskiy, V. Vis-
tovskyy, M. Pidzyrailo, G. Zimmerer Luminescence of Ce* doped LaPO, nanopho-
sphors upon Ce** 4f-5d and band-to-band excitation. Journal of Luminescence, 2008,
vol. 128, pp. 355-360

M.V. Jacob, J. Mazierska, J. Krupka Dielectric Properties of Yttrium Vanadate Crystals
from 15 K to 295 K. Journal of Electroceramics, 2005, vol. 15, pp. 237-241

58



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

L.G. De Shazer, S.C. Rand, B.A. Wechsler Handbook of Laser Science and Technology.
Boca Raton, Florida: CRC Press, 1987.

M.V. Jacob, J. Mazierska, J. Krupka, D. Ledenyov, S. Takeuchi Microwave properties of
yttrium vanadate crystals at cryogenic temperatures. In: ICMAT 2003, Singapore, 2003.
Y. Sato, T. Taira The studies of thermal conductivity in GdVO,, YVO,, and Y;Al;:O,,
measured by quasi-onedimensional flash method. Optics Express, 2006, vol. 14, pp. 10529
H.S. Shi, G. Zhang, H.Y. Shen Measurement of principal refractive indices and the ther-
mal refractive index coefficients of yttrium vanadate. Journal of Synthetic Crystals, 2001,
vol. 30, pp. 85-88

S. Obregon, G. Colon Water splitting performance of Er**-doped YVO, prepared from
a layered K;V;0,, precursor. The Chemical Engineering Journal, 2014, vol. 262, pp. 29-33
G. Herrera, J. Jimenez-Mier, R.G. Wilks, A. Moewes, W. Yang, J. Denlinger Excited
states in yttrium orthovanadate YVO, measured by soft X-ray absorption spectroscopy.
Journal of Materials Science, 2013, vol. 48, pp. 6437-6444

A. Huignard, T. Gaconi, J.-P. Boilot The sol-gel gateway future article. [tieSsaiste.]: The sol-
gel gateway, 2010 [atsauce: 01.2015]. Pieejams: solger.com/articles/Sept00/Huignard.htm
K. Riwotzki, M. Haase Colloidal YVO,Eu and YP 5V ;04Eu nanoparticles: lumines-
cence and energy transfer processes. The Journal of Physical Chemistry B, 2001, vol. 105,
pp- 12709

V.N. Matrosov, T.A. Matrosova, M.I. Kupchenko, A.G. Yalg, E.V. Pestryakov, V.E.Ki-
sel, V.G. Scherbitsky, N.V. Kuleshov Doped YVO crystals growing, properties and appli-
cation. Function Materials, 2005, vol. 12, pp. 755-757

R.P. Rao, D.J. Devine Re-activated lanthanide phosphate phosphors for PDP applica-
tions. Journal of Luminescence, 2000, vol. 87-89, pp. 1260-1263

A.K. Levine, E.C. Palilla A new, highly efficient red-emitting cathodoluminescent pho-
sphor (YVO,:Eu) for color television. Applied Physics Letters, 1964, vol. 5, pp. 118-120

A. Huignard, T. Gacoin, J.-P. Boilot Synthesis and luminescence properties of colloidal
YVO,:Eu phosphors. Chemistry of Materials, 2000, vol. 12, pp. 1090-1094

A. Bril, W.L. Wanmaker, J. Broos Photoluminescent Properties of Some Europium-Ac-
tivated Gadolinium and Yttrium Compounds. The Journal of Chemical Physics, 1965,
vol. 43, pp. 311

L.R. Singh, R.S. Ningthoujam Critical view on energy transfer, site symmetry, impro-
vement in luminescence of Eu**, Dy* doped YVO, by core-shell formation. Journal of
Applied Physics, 2010, vol. 107, pp. 104304-104306

C. Hsu, R.C. Powell Energy transfer in europium doped yttrium vanadate crystals. Jour-
nal of Luminescence, 1975, vol. 10, pp. 273-293

E.D. Reed, Jr. Warren Moos, H. Warren Moos Nonthermalization and large variation in
multiphonon relaxation rate among rare-earth-ion stark levels. Physical Review B, 1973,
vol. 8, pp. 988

C.P. Frank, L. Albert, R. Maija Synthesis and luminescent properties of LaVO,:Re nano-
crystals. Journal of The Electrochemical Society, 1965, vol. 112, pp. 776-781

U. Rambabu, D.P. Amalnerkar, B.B. Kale, S. Buddhudu Fluorescence spectra of Eu*-
doped LnVO, (Ln=La and Y) powder phosphors. Materials Research Bulletin, 2000,
vol. 35, pp. 929-936

K. Riwotzki, M. Haase Wet-Chemical Synthesis of Doped Colloidal Nanoparti-
cles: YVO,Ln (Ln = Eu, Sm, Dy). The Journal of Physics Chemistry B, 1998, vol. 102,
pp. 10129-10135

W. Xu, Y. Wang, X. Bai, B. Dong, Q. Liu, J. Chen, H. Song Controllable synthesis and
size-dependent luminescent properties of YVO,:Eu** nanospheres and microspheres.
Journal of Physical Chemistry C, 2010, vol. 114, pp. 14018-14024

59



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

G.E. Venikouas, R.C. Powell Laser time-resolved spectroscopy: investigation of energy
transfer in Eu®* and Er** doped YVO,. Journal of Luminescence, 1978, vol. 16, pp. 29-45
K.H. Jang, WK. Sung, E.S. Kim, L. Shi, J.H. Jeong, H.]. Seo Time-resolved lumines-
cence spectroscopy of a YVO,:Eu** thin film. Journal of Luminescence, 2009, vol. 129,
pp. 1853-1856

C. Brecher, H. Samelson, A. Lempicki, R. Riley, T. Peters Polarized spectra and crys-
tal-field parameters of Eu** in YVO,. Physical Review, 1967, vol. 155, pp. 178-187

M. Yu, J. Lin, Z. Wang, J. Fu, S. Wang, H.J. Zhang, Y.C. Han Fabrication, patterning,
and optical properties of nanocrystalline YVO,:A (A = Eu®', Dy**, Sm**, Er**) phosphor
films via sol-gel soft lithography. Chemistry of Materials, 2002, vol. 14, pp. 2224-2231
B.K. Grandhe, V.R. Bandi, K. Jang, S. Ramaprabhu, S.-S. Yi, J.-H. Jeong Enhanced red
emission from YVO,:Eu** nano phosphors prepared by simple co-precipitation method.
Electronic Materials Letters, 2011, vol. 7, pp. 161-165

J. D. French, J. Zhao, M. P. Harmer, H. M. Chan, G. A. Miller Creep of duplex mi-
crostructures. Journal of the American Ceramic Society, 1994, vol. 77, pp. 2857-2865

M. Veith, S. Mathur, A. Kareiva, M. Jilavi, M. Zimmer, V. Huch Low temperature syn-
thesis of nanocrystalline Y;Al;O,, (YAG) and Ce-doped Y;AL;O,, via different sol-gel
methods. Journal of Materials Chemistry, 1999, vol. 9, pp. 571920

I. Shoji, S. Kurimura, Y. Sato, T. Taira, A. Ikesue, K. Yoshida Optical properties and la-
ser characteristics of highly Nd** doped Y;Al;0,, ceramics. Applied Physics Letters, 2000,
vol. 77, pp. 939-941

C. Park, S. Park, B. Yu, H. Bae, C. Kim, C. Pyun, G. Hong VUV excitation of Y;Al;0,,:Tb
phosphor prepared by a sol-gel process. Journal of Materials Science Letters, 2000, vol. 19,
pp. 335-338

Crystran. Optical Materials. Yttrium Aluminium Garnet. [online]: Crystran, 2012 [Refe-
rence: July, 2016]. Available: http://www.crystran.co.uk/optical-materials/yttrium-alumi-
nium-garnet-yag

S. Kosti¢, Z.Z. Lazarevica, V. Radojevi¢, A. Milutinovi¢, M. Rom¢éevié, N.Z. Romcéevié,
A. Val¢i¢ Study of structural and optical properties of YAG and Nd:YAG single crystals.
Materials Research Bulletin, 2015, vol. 63, pp. 80-87

W. Schumann Minerals of the world. New York: Sterling Publishing Co., Inc, 2007.

D.E. Zelmon, D. L. Small, R. Page Refractive-index measurements of undoped yttrium
aluminum garnet from 0.4 to 5.0 um. Applied Optics, 1998, vol. 37, pp. 4933-4935

V. Pankratov, D. Millers, L. Grigorjeva, T. Chudoba Luminescence of cerium doped
YAG nanopowders. Radiation Measurements, 2007, vol. 42, pp. 679-682

E.S. Galasso Structure and properties of inorganic solids. Oxford: Pergamon Press, 1970.
G. Blasse, A. Bril A new phosphor for lying-spot cathode-ray tubes fir color televisions.
Applied Physics Letters, 1967, vol. 11, pp. 53-54

W. Moses, S. Derenzo Scintillators for positron emission tomography. In: SCINT’95, Del-
ft, The Netherlands, 1996. pp. 9-16

A. Del Guerra, F. de Notaristefani, G. Di Domenico, M. Giganti, R. Pani, A. Piffanelli,
A. Turra, G. Zavattini Use of a YAP:Ce matrix coupled to a position-sensitive photomul-
tiplier for high resolution positron emission tomography. IEEE Transactions on Nuclear
Science, 1996, vol. 43, pp. 1958-1962

C.H. Jorgensen, R. Pappalardo, E. Rittershaus Reflection spectra of lanthanides in cu-
bic oxides containing titanium (IV), zirconium (IV), indium (III), tin (IV), cerium (IV),
and thallium (III). Zeitschrift fur Naturforschung A, 1965, vol. 20, pp. 54

P.A. Tanner, L. Fu, L. Ning, B.-M. Cheng, M.G. Brik Soft synthesis and vacuum ultra-
violet spectra of YAG:Ce*" nanocrystals: reassignment of Ce** energy levels. Journal of
Physics: Condensed Matter, 2007, vol. 19, pp. 216213

60



98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

. T. Yanagida, H. Takahashi, T. Ito, D. Kasama, T. Enoto, M. Sato, Sh. Hirakuri, M. Ko-
kubun, K. Makishima, T. Yanagitani, H. Yagi, T. Shigeta, T. Ito Evaluation of properties
of YAG (Ce) ceramic scintillators. IEEE Transactions on Nuclear Science , 2005, vol. 52,
pp- 1836

. D. Haranath, H. Chander, P. Sharma, S. Singh Enhanced luminescence of Y;Al;0,,:-

Ce** nanophosphors for white light-emitting diodes. Applied Physics Letters, 2006,

vol. 89, pp. 173118-173118-3

G.J. Zhao, X.H. Zeng, S.M. Zhou, J. Xu, Y.L. Tian, W.X. Huang Growth defects in Czo-

chralski-grown Ce:YAIO; scintillation crystals. Physica Status Solidi (a), 2003, vol. 199,

pp. 186-191

W.J. Miniscalco, J.M. Pellegrino, W.M. Yen Measurements of excited-state absorption in

Ce3*:YAG. Journal of Applied Physics, 1978, vol. 49, pp. 6109-6111

T. Tomiki, T. Kohatsu, H. Shimabukuro, Y. Ganaha Ce3* centers in Y;Al;0,, (YAG)

single crystals. IL. Journal of the Physical Society of Japan, 1992, vol. 61, pp. 2382

G. Blasse, A. Bril Investigation of some Ce**-activated phosphors. Journal of Chemical

Physics, 1967, vol. 47, pp. 5139

R.R. Jacobs, W.E. Krupke, M.]J. Weber Measurements of excited-state-absorption loss

for Ce in Y;Al;0,, and implications for tunable 5d-4f rare-earth lasers. Applied Physics

Letters, 1978, vol. 33, pp. 410

V. Murk, A. Kuznetsov, B. Namozov, K. Ismailov Relaxation of electronic excitations in

YAG and YAP crystals. Nuclear Instruments and Methods in Physics Research Section B:

Beam Interactions with Materials and Atoms, 1994, vol. 91, pp. 327-330

V. Murk, N. Yaroshevich Exciton and recombination processes in YAG crystals. Journal

of Physics: Condensed Matter, 1995, vol. 7, pp. 5857-5865

M. Kirm, A. Lushchik, Ch. Lushchik, G. Zimmerer Investigation of luminescence

properties of pure and Ce* Doped Y;Al;0,, crystals using VUV radiation. In: Physics

and Chemistry of Luminescent Materials, The Electrochemical Society Proceedings Series

(Ronda C., Shea, ed.), Pennington, vol. PV 99-40, 2000. pp. 113-122

V. Babin, K. Blazek, A. Krasnikov, K. Nejezchleb, M. Nikl, T. Savikhina, S. Zazubo-

vich Luminescence of undoped LuAG and YAG crystals. Physica Status Solidi (c), 2005,

vol. 2, pp. 97-100

N.S. Roose, N.A. Anisimov OjeKTpoHHBIe BO30OYXX/ieH)A MOHHBIX KpUCTaLIOB. Trydy

Insituta Fiziki Akademii Nauk EstSS, 1975, vol. 44, pp. 163

AL Kuznetsov, V.N. Abramov, V.V. Murk, B.R. Namosov States of the self-trapped ex-

citons in complex oxides. Soviet Physics - Solid State, 1991, vol. 33, pp. 2000-2004

S. Derenzo, W. Moses Experimental efforts and results in finding new heavy scintillators.

In: Crystal 2000, 2000. pp. 125-135

A.A. Kaminskii Laser crystal. New York: Springer-Verlag, 1981.

H. Wang, ED. Medina, Y.D. Zhou, Q.N. Zhang Temperature dependence of the po-

larized Raman spectra of ZnWO, single crystals. Physical Review B, 1992, vol. 45,

pp. 10356-10362

V.N. Kolobanov, I.A. Kamenskikh, V.V. Mikhailin, I.LN. Shpinkov, D.A. Spassky,

B.I. Zadneprovky, L.I. Potkin, G. Zimmerer Optical and luminescent properties of ani-

sotropic tungstate crystals. Nuclear Instruments and Methods in Physics Research, A, 2002,

vol. 486, pp. 496-503

J. Hulliger, A.A. Kaminskii, H.J. Eichler Molecular Inorganic, Organic Crystalline,

and Glassy Materials for Raman Laser Converters. Advanced Functional Materials, 2001,

vol. 11, pp. 243-250

S.V. Prasad, N.T. McDevitt, J.S. Zabinski Tribology of tungsten disulfide-nanocrystalli-

ne zinc oxide adaptive lubricant films from ambient to 500°C. Wear, vol. 237, pp. 186-196

61



117

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

. Z. Lou, J. Hao, M. Cocivera Luminescence of ZnWO, and CdWO, thin films prepared
by spray pyrolysis. Journal of Luminescence, 2002, vol. 99, pp. 349-354

J.G. Rushbrooke, R.E. Ansorge Optical fiber readout and performance of small scintil-
lating crystals for a fine-grained gamma detector. Nuclear Instruments and Methods in
Physics Research Section A, 1989, vol. 280, pp. 83-90

H. Grassmann, H.G. Moser, E. Lorenz Scintillation properties of ZnWO,. Journal of
Luminescence, 1985, vol. 33, pp. 109

Z. Tang, X. Lj, J. Yang, J. Yu, J. Wang, Z. Tang Mixed potential hydrogen sensor using
ZnWO, sensing electrode. Sensors & Actuators, B: Chemical, 2014, vol. 195, pp. 520-525
D. He, X. Zhang, T. Xie, J. Zhai, H. Li, L. Chen, L. Peng, Y. Zhang, T. Jiang Studies of
photo-induced charge transfer properties of ZnWO, photocatalyst. Applied Surface Scien-
ce, 2011, vol. 257, pp. 2327-2331

M. Rahimi-Nasrabadi, S. M. Pourmortazavi, Z. Rezvani, K. Adib, M. R. Ganjali Facile
Synthesis Optimization and Structure Characterization of Zinc Tungstate Nanoparticles.
Materials and Manufacturing Processes, 2015, vol. 30, pp. 819-827

R.A. Diaz-Real, R.S. Mann, L.S. Sambi Hydrotreatment of Athabasca bitumen derived
gas oil over nickel-molybdenum, nickel-tungsten, and cobalt-molybdenum catalysts. In-
dustrialéEngineering Chemistry Research, 1993, vol. 32, pp. 1354-1358

A K. Bhattacharya, R.G. Biswas, A. Hartridge Environment sensitive impedance spec-
troscopy and dc conductivity measurements on NiWO,. Journal of Materials Science,
1997, vol. 32, pp. 353-356

V. Dusastre, D.E. Williams Selectivity and composition dependence of response of wol-
framite-based gas-sensitive resistors (MWO)x([Sn-Ti]O,),_, (0<x<1; M=Mn, Fe, Co, Ni,
Cu, Zn). Journal of Materials Chemistry, 1999, vol. 9, pp. 965-971

P. K. Pandey, N.S. Bhave, R.B. Kharat Structural, optical, electrical and photovoltaic
electrochemical characterization of spray deposited NiWO, thin films. Electrochimica
Acta, 2006, vol. 51, pp. 4659-4664

J.M.EA.L.M. de Oliveira, M.R.S. Silva, S.C. de Souza, ET.G. Vieira, E. Longo,
A.G. Souza Influence of the thermal treatment in the crystallization of NiWO, and
ZnWOy. Journal of Thermal Analysis and Calorimetry, 2009, vol. 97, pp. 167-172

R.C. Pullar, S. Farrah, N.McN. Alford MgWO,, ZnWO,, NiWO, and CoWO, microwa-
ve dielectric ceramics. Journal of the European Ceramic Society, 2007, vol. 27, pp. 1059-
1063

A. Kuzmin, J. Purans, R. Kalendarev, D. Pailharey, Y. Mathey XAS, XRD, AFM and
Raman studies of nickel tungstate electrochromic thin films. Electrochimica Acta, 2001,
vol. 46, pp. 2233-2236

A.W. Sleight Accurate cell dimensions for ABO, molybdates and tungstates. Acta Crys-
tallographica Section B, 1972, vol. 28, pp. 2899-2902

R.O. Keeling The structure of NiWO,. Acta Crystallographica, 1957, vol. 10, pp. 209-213
A. Kuzmin, J. Purans Local atomic and electronic structure of tungsten ions in AWO,
crystals of scheelite and wolframite types. Radiation Measurements, 2001, vol. 33, pp. 583-
589

A. Kuzmin, A. Kalinko, R.A. Evarestov First-principles LCAO study of phonons in
NiWO,. Central European Jornal of Physics, 2011, vol. 9, pp. 502-509

H. Weitzel Kristallstrukturverfeinerung von wolframiten und columbiten. Zeitschrift Fur
Kristallographie, 1976, vol. 144, pp. 238-258

E. Cappella, R. Bernabei, P. Belli, V. Caracciolo, R. Cerulli, F.A. Danevich, A. dAnge-
lo, A. Di Marco, A. Incichitti, D.V. Poda, V.I. Tretyak On the potentiality of the ZnWO,
anisotropic detectors to measure the directionality of Dark Matter. The European Physical
Journal C, 2013, vol. 73, pp. 2276

G.D. Rieck Tungsten and Its Compounds. Oxford: Pergamon Press, 1967.

62



137

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

. M. Globus, B. Grinyov, J.K. Kim Inorganic scintillators for modern and traditional appli-
cations. Kharkiv: Institute for Single Crystals, 2005.

Ch.S. Lim Preparation and characterization of ZnWO, nanocrystallines and single crystals.
Journal of the Korean Crystal Growth and Crystal Technology, 2010, vol. 20, pp. 197-201
P.A. Popov. S.A. Skrobov, A.V. Matovnikov, N.V. Mitroshenkov, V.N. Shlegel,
Yu.A. Borovlev Thermal Conductivity and Heat Capacity of a ZnWO, Crystal. Physics of
the Solid State, 2016, vol. 58, pp. 853-856

C.R. Ronda, A.M. Srivastava Scintillators. In: Luminescence: From Theory to Applica-
tions. Wiley-VCH Verlag GmbH & Co. KaA, Weinheim, Germany (2007)

V.B. Mikhailik, H. Kraus, G. Miller, M.S. Mykhaylyk, D. Wahl Luminescence of
CaWO,, CaMoO,, and ZnWO, scintillating crystals under different excitations. Journal
of Applied Physics, 2005, vol. 97, p.083523

T. Ejima, T. Banse, H. Takatsuka, Y. Kondo, M. Ishino, N. Kimura, M. Watanabe,
I. Matsubara Microscopic optical and photoelectron measurements of MWO, (M=Mn,
Fe, and Ni). Journal of Luminescence, 2006, vol. 119-120, pp. 59-63

V. Nagirnyi, E. Feldbach, L. Jonsson, M. Kirm, A. Kotlov, A. Lushchik, V.A. Nefeedov,
B.I. Zadneprovski Energy transfer in ZnWO, and CdWO, scintillators. Nuclear Instru-
ments and Methods in Physics Research A, 2002, vol. 486, pp. 395-398

N.R. Krutyak, V.V. Mikhailik, A.N. Vasil'ev, D.A. Spassky, I.A. Tupitsyna, A.M. Dubo-
vik, E.N. Galashov, V.N. Shlegel, A.N. Belsky The features of energy transfer centers in
ZnWO, and ZnWO :Mo. Journal of Luminescence, 2013, vol. 144, pp. 105-111

S. Chernov, L. Grigorjeva, D. Millers, A. Watterich Luminescence spectra and decay ki-
netics in ZnWO, and CdWO, crystals. Physica Status Solidi (b), 2004, vol. 241, pp. 1945-
1948

A. Fujimori, F. Minami Valence-band photoemission and optical absorption in nickel
compounds. Physical Review B, 1984, vol. 30, pp. 957

L. Grigorjeva, D. Millers, S. Chernov, V. Pankratov, A. Watterich Luminescence and
transient absorption in ZnWO, and ZnWO,-Fe crystals. Radiation Measurements, 2001,
vol. 33, pp. 137-142

S.B. Mikhrin, A.N. Mishin, A.S. Potapov, P.A. Rodnyi, A.S. Voloshinovskii X-ray exci-
ted luminescence of some molybdates. Nuclear Instruments and Methods in Physics Rese-
arch Section A, 2002, vol. 486, pp. 295-297

A.B. Oosterhout An ab initio calculation on the WO’ octahedron with an application
to its luminescence. The Journal of Chemical Physics, 1977, vol. 67, pp. 2412-2418

A.E. Ovechkin, V.D. Ryzhikov, G. Tamulaitis, A. Zukauskas Luminescence of ZnWO,
and CdWO, Crystals. Physica Status Solidi A, 1987, vol. 103, pp. 285-290

S.M.M. Zawawi, R. Yahya, A. Hassan, H.N.M. Ekramul Mahmud, M. Noh Daud Struc-
tural and optical characterization of metal tungstates (MWO,; M=Ni, Ba, Bi) synthesized
by a sucrose-templated method. Chemistry Central Journal, 2013, vol. 7, pp. 80

A. Cimino, M. Lo Jacono, M. Schiavello Structural, magnetic, and optical properties of
nickel oxide supported on.eta.- and.gamma.-aluminas. The Journal of Physical Chemistry,
1971, vol. 75, pp. 1044-1050

M.H.F. Lenglet, J. Durr, M.H. Tuilier Investigation of the chemical bonding in 3d® nic-
kel(IT) charge transfer insulators (NiO, oxide spinels) from ligand-field spectroscopy, Ni
2p XPS and X-ray absorption spectroscopy. Solid State Communications, 1977, vol. 104,
pp. 793-798

G. Blasse Classical phosphors: A Pandora’s box. Journal of Luminescence, 1997, vol. 72-74,
pp. 129-134

M.J.J. Lammers, G. Blasse, D.S. Robertson The luminescence of cadmium tungstate
(CAWOy,). Physica Status Solidi (a), 1981, vol. 63, pp. 569-572

63



156

157.

158.

159.

160.

161.

162.

163.

164.
165.

166.

167.

168.

. L. Grigorjeva, R. Deych, D. Millers, S. Chernov Time-resolved luminescence and ab-
sorption in CAWO,. Radiation Measurements, 1998, vol. 29, pp. 267-271

D. Millers, S. Chernov, L. Grigorjeva, V. Pankratov The energy transfer to the lumines-
cence centers in PbWO,. Radiation Measurements, 1998, vol. 29, pp. 263-266

A. Kuzmanoski, V. Pankratov, C. Feldmann Microwave-assisted ionic-liquid-based syn-
thesis of highly crystalline CaMoO,RE** (RE = Tb, Sm, Eu) and Y,Mo,05:Eu** nano-
particles. Solid State Sciences, 2015, vol. 41, pp. 56-62

A. Kalinko, A. Kotlov, A. Kuzmin, V. Pankratov, A.I. Popov, L. Shirmane Electronic
excitations in ZnWO, and ZnNi, ‘WO, (x=0.1-0.9) using VUV synchrotron radiation.
Central European Journal of Physics, 2011, vol. 9, pp. 432-437

V. Pankratov, L. Grigorjeva, D. Millers, H. M. Yochum Intrinsic luminescence and
energy transfer processes in pure and doped YVO, crystals. Physica Status Solidi, 2007,
vol. 4, pp. 801-804

V. Pankratov, M. Kirm, H. von Seggern Intrinsic luminescence in yttrium trifluoride.
Journal of Luminescence, 2005, vol. 113, pp. 143-150

W. Ryba-Romanowski, S. Golab, P. Solarz, G. Dominiak-Dzik, T. Lukasiewicz An-
ti-Stokes emission in undoped YVO,. Applied Physics Letters, 2002, vol. 80, pp. 1183

V. Pankratov, D. Millers, L. Grigorjeva, W. Lojkowski, A. Kareiva Time-resolved lu-
minescence of nanocrystalline inorganic complex oxides. Journal of Physics: Conference
Series, 2007, vol. 93, pp. 012037

E.A. Kroger, J. Bakker Luminescence of cerium compounds. Physica, 1941, vol. 8, pp. 628
V. Pankratov, L. Grigorjeva, S. Chernov, T. Chudoba, W. Lojkowski Luminescence
properties and energy transfer processes in nanosized cerium doped YAG. IEEE Transac-
tions on Nuclear Science, 2008, vol. 55, pp. 1509

R. Pazik, P. Gluchowski, D. Hreniak, W. Strek, M. Ros, R. Fedyk, W. Lojkowski Fabri-
cation and luminescence studies of Ce:Y;Al;0,, transparent nanoceramic. Optical Mate-
rials, vol. 30, pp. 714

L.N. Limarenko, A.E. Nosenko, M.V. Paskovkii, D.-L.L. Futorskii Influence of structu-
ral defects on physical properties of tungstates. Vysha Shkola, 1978, pp. 160

A. Kuzmin, V. Pankratov, A. Kalinko, A. Kotlov, L. Shirmane, A.I. Popov UV-VUV
synchrotron radiation spectroscopy of NiWO,. Low Temperature Physics, 2016, vol. 42,
pp. 694-698

64



8. AUTHOR’S LIST OF PUBLICATIONS

Scientific manuscripts included in the Thesis:

PI1.

P2.

P3.

P4.

P5.

V. Pankratov, A.I. Popov, L. Shirmane, A. Kotlov, C. Feldmann, LaPO,:Ce, Tb and
YVO,:Eu nanophosphors: Luminescence studies in the vacuum ultraviolet spectral range,
Journal of Applied Physics 110 (2011) 053522

L. Shirmane, C. Feldmann, V. Pankratov, Comparing the Luminescence Processes of
YVO,:Eu and core-shell YVO,@YF; Nanocrystals with Bulk-YVOEu, Physica B: Con-
densed Matter, 504 (2017) 80-85 007

L. Shirmane, V. Pankratov, Emerging blue-UV luminescence in cerium doped YAG
nanocrystals, Physica Status Solidi - Rapid Research Letters 10 (2016) 475-479

A. Kalinko, A. Kotlov, A. Kuzmin, V. Pankratov, A. I. Popov, L. Shirmane, Electronic ex-
citation in ZnWO, and ZnNi, ‘WO, using VUV synchrotron radiation, Central Europe-
an Journal of Physics 9 (2011) 432-437

A. Kuzmin, V. Pankratov, A. Kalinko, A. Kotlov, L. Shirmane, A.I. Popov, UV-VUV syn-
chrotron radiation spectroscopy of NiWO,, Low Temperature Physics 42 (2016) 543-546

Scientific manuscripts published during the PhD study but
not included in the Thesis:

1.

W. Cao, V. Pankratov, M. Huttula, L. Shirmane, Y. R. Niu, E. Wang, X-ray photoemission
electron microscope determination of origins of room temperature ferromagnetism and
photoluminescence in high co-content Co,Zn,_,O films, Surface Review and Letters, 21
(2014) 1450058

AL Popov, L. Shirmane, V. Pankratov, A. Lushchik, A. Kotlov, V.E. Serga, L.D. Kuliko-
va, G. Chikvaidze, J. Zimmermann, Comparative study of the luminescence properties of
macro-and nanocrystalline MgO using synchrotron radiation, Nuclear Instruments and
Methods in Physics Research Section B Beam Interactions with Materials and Atoms, 310
(2013) 23-26

V. Pankratov, A.I. Popov, L. Shirmane, A. Luminescence and ultraviolet excitation spec-
troscopy of Srl, and SrI:Eu?', Radiation Measurements, 56 (2013) 13-17

E. Klotins, A.I. Popov, V. Pankratov, L. Shirmane, D. Engers, Polar nanoregions in
Pb(Mg,,5sNb,/3)O; (PMN): Insights from a supercell approach, Central European Journal
of Physics, 9 (2011) 438-445

E. Klotins, A.I. Popov, V. Pankratov, L. Shirmane, D. Engers, Numerical Evidences of Po-
larization Switching in PMN Type Relaxor Ferroelectrics, Integrated Ferroelectrics, 123
(2011) 32-39

V. Pankratov, L. Shirmane, T. Chudoba, P. Gluchowski, D. Hreniak, W. Strek, W. Lojkow-
ski, Peculiarities of luminescent properties of cerium doped YAG transparent nanoce-
ramics, Radiation Measurements, 45 (2010) 392-394

65



9. PARTICIPATION IN CONFERENCES

Results of the thesis presented in international conferences and schools:

1.

2.

10.

11.

12.

13.

14.

L. Shirmane, A.Kotlov, W.Lojkowski, A.I.Popov, V.Pankratov, Luminescence Properties
of YAG:Ce Nanocrystals in VUV Range, DOC 2010, Riga, Latvia

L. Shirmane, V. Pankratov, et al., Luminescence properties of YAG:Ce**nanocrystals in
vacuum ultraviolet spectral range, FM&NT-2010, Riga, Latvia

A Kalinko, A.Kotlov, A.Kuzmin, V.Pankratov, A.L.Popov, L. Shirmane, Electronic Exci-
tation in ZnWO, and ZnWO,Ni Using VUV Synchrotron Radiation, FM&NT-2010,
Riga, Latvia

V. Pankratov, L. Shirmane, A. Popov, C. Feldmann, Luminescence properties of
YVO,Eu** nanocrystals under synchrotron radiation, IWASOM 2011, Gdansk, Poland

A. Kuzmin, V. Pankratov, A. Kalinko, A. Kotlov , L. Shirmane , A.L. Popov, Electronic
Excitations in NiWO, Using VUV Synchrotron Radiation, FM&~NT-2012, Riga, Latvia

L. Shirmane, A. Kuzmin, A.I. Popov, V. Pankratov, Raman Scattering Study of YVO,:Eu*
Nanocrystals, FM¢&NT-2012, Riga, Latvia

L. Shirmane, V. Pankratov, A. Sarakovskis, Time-resolved luminescence properties of
YVO,:Eu* nanocrystals, FMe*NT-2012, Riga, Latvia

L. Shirmane, A. Kuzmin, A.I. Popov, V. Pankratov, Raman scattering of nano and macro-
sized europium doped YVO,, BSANS 2012, Riga, Latvia

L. Shirmane, V. Pankratov, A. Sarakovskis, Luminescence of YVO,:Eu** Nanocrystals
under Picosecond Laser Excitation, BSANS 2012, Riga, Latvia

V. Pankratov, L. Shirmane, A. Kotlov, A.I. Popov, Synchrotron-Based VUV Spectroscopy
of YAG Nano- and Single Crystals, BSANS 2012, Riga, Latvia

A. Kuzmin, V. Pankratov, A. Kalinko, A. Kotlov, L. Shirmane, A.I. Popov, UV-VUV Syn-
chrotron Radiation Spectroscopy of NiWO,, BSANS 2012, Riga, Latvia

V. Pankratov, A. I. Popov, L. Shirmane, Luminescence properties of nanosized phosphors
under synchrotron radiation, NATO Advanced Research Workshop: Nanodevices and
Nanomaterials for Ecological Security 2011, Jurmala, Latvia

L. Shirmane, Synchrotron radiation based UV and VUV luminescence spectroscopy, 3rd
EIROforum School on Instrumentation 2013, CERN, Geneva, Switzerland

L. Shirmane, Luminescence and vacuum ultraviolet excitation spectroscopy of nanocrys-
talline oxides, 1st NFFA-Europe Summer School, 2016, Barcelona, Spain

66



ACKNOWLEDGMENTS

The author would like to thank:

Supervisor for Dr Phys. Vladimirs Pankratovs for his time devoted to me
and his valuable discussions, ideas, support and help in the doctoral thesis
during my whole period of doctoral studies.

All ISSP colleagues with whom I was happy to work with and for their
support and help.

To all my co-authors for their cooperation.

Experiments at DESY and MAX IV were supported by the European Com-
munity’s Seventh Framework program (FP7/2007-2013) under the grant
agreement No. 226716.

L’OREAL Latvian “For Women In Science” fellowship with the support of
the Latvian National Commission for UNESCO and the Latvian Academy
of Sciences.

SIEVIETEM ZINATNE

M LUOREAL

LATVIJA

Apvienoto Naciju |
Izglitibas, .

zinatnes un kultaras LATVIJAS
organizacija UNESCO Latvijas Nacionala Komisija ZINATNU AKADEMIJA

67






