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Chapter 1.
1.1. Introduction

Rare earth (RE) ions play an important role in modern optical technologies
as the active constituents in many novel materials. There are an increasing
number of applications for these RE-activated materials and much of today’s
cutting-edge optical technology and future innovations are expected to rely on
their unique properties. The rare earth elements have had and still have a
unique and important impact on our lives. The unfilled 4f electronic structure
of the rare earth elements makes them to possess special properties in
luminescence, magnetism and electronics, which could be used to develop
many new materials for various applications such as phosphors, magnetic
materials, hydrogen storage materials and catalysts [1].

The luminescence of rare earth ions has a large technological importance
in a variety of materials like phosphor lamps, displays, lasers, and optical
amplifiers. Usually, the best hosts for these lanthanide ions are inorganic
materials like crystals and glasses, because those ions generally show high
quantum yields in these hosts. There is a considerable research activity in the
field of luminescent materials for lighting and displays to improve the
chemical stability and to adopt the materials to the production technology. On
the one hand ongoing miniaturization, lifetime improvement and spectral
stability of light sources and on the other hand brightness and contrast
improvement in imaging systems demand luminescent materials with very high
stability that is invariable to operating conditions.

The significant part of the today’s efficient lighting sources is based on
indirect light emission, which can be organized by the excitation source.
Luminescent materials in plasma display panels (PDPs) and field emission
displays (FEDs) use the high energy side of UV spectrum, i.e. vacuum
ultraviolet (VUV) and even low voltage electrons, respectively [2, 3].
Phosphors are excited by near UV or blue light, which are coated on light

emitting diodes (LEDs) and to some extent in fluorescent lamps for special



applications. The major application of rare-earth-doped luminescent materials
(i.e. phosphors) is for radiation conversion in order to get emission at distinct
and different wavelengths in the electromagnetic spectrum. This feature have
been widely used in color cathode ray tubes (CRT), tri-phosphor fluorescent
lamps, X-ray intensifying screens and newly developed vacuum mercury-free
lamps, as well as various types of displays such as plasma display panels, field
emission displays and projection TVs [4]. In particular, the invention of high-
efficiency blue-emitting InGaN-based LEDs makes realization of efficient,
full-spectrum white-light LEDs for general illumination possible by using
conversion phosphors [5]. Unfortunately, very few existing phosphor materials
can efficiently convert the UV-blue emission from the LED into green, and in
particular, red light. In addition, red-emitting phosphors that can be efficiently
pumped by UV-blue LEDs are very scare. Consequently, as an explorative
research, creating and designing novel luminescent materials by various ways
is a major motivation.

The most common oxidation state of RE ions is usually a trivalent one.
The 4f — 4f transitions of trivalent RE-doped materials brings out inherent
optical properties. On the other hand, some RE ions such as Sm, Eu and Yb
can be present in a divalent oxidation state as well. In contrast to the trivalent
RE 1ons, the divalent RE ions in solids manifest unique characteristics. Firstly,
the valence change can be induced by high-energy radiation, such as ultraviolet
(UV), X-ray or y-ray. Secondly, the 4f — 5d transition appears in the visible
region for divalent RE ions, while for trivalent RE ions it lays in the ultraviolet
region. The 4f — 5d transition is parity-allowed, and therefore, the probability is
much higher than for parity-forbidden 4f — 4f transition. Furthermore, the
energy levels of 5d orbitals are largely influenced by the ligand field compared
with those of 4f orbitals. Such features of divalent RE ions give rise to the
possibility of inducing novel and striking optical effects. A typical example of
utilizing the change of the valence state of divalent RE ions is persistent
spectral hole burning due to photoionization. This phenomenon occurs when a

frequency-selected subset of optical absorption band is modified by the



photoionization removal of RE ions, as was first shown in CaF,:Sm”" [6] and
subsequently in BaCIF:Sm”" [7]. In order to design materials with suitable
quality for room-temperature persistent spectral hole burning many studies
have been extensively performed for Sm**-doped mixed crystals and glasses
[8-14].

The motivation to perform such investigation was limited available data in

+/3+ . . . . .
*B* luminescence properties. The discussion is

scientific literature on Sm
divided into chapters describing the main information gained from separate
investigation of the different inorganic materials doped with samarium. Thus,
these aspects provide the novelty and originality for the doctoral dissertation.
The main aim of this work was to synthesize and investigate new Sm”>""
phosphors. The additional aim was better understand the nature and properties

2+/3+ - .
" jons searching of

of the inorganic crystalline materials doped with Sm
suitable inorganic hosts for successful divalent samarium incorporation as well.
For this reason, there were formulated tasks as follows:
1. Synthesis and investigation of photoluminescence properties of Sm*"
substituted SrB4O;.
2. Synthesis and investigation of photoluminescence properties of Sm’"
substituted LnMgBs0O,, (Ln = La, Gd).
3. Synthesis and investigation of photoluminescence properties of Sm’"
substituted SrAl;;,0,9 and LaMgAl;;0ys.
4. Synthesis and investigation of photoluminescence properties of Sm>*/>*

substituted Sr;Al;4O05s.

Statements for defense:

1) Samarium substituted Sr;.,Sm,B,O; and different aluminate matrixes
(SrAl,049, LaMgAl; 049 and SryAl;40,5) could be synthesized using
advanced preparation routes. The results obtained indicate that the
synthesis route and synthesis temperature make significant influence on

the stability of crystalline phases and luminescent properties.



2)

3)

4)

Samarium substituted Sr;,Sm,B,O; samples could be prepared by
solid-state synthesis route. The preparation gives Sm’" reduction to
divalent state even after annealing in air at high temperature. The d—f
transitions of Sm>” in SrB,O; appear at slightly higher than room
temperature due to the low enough energy position of the 4£°5d" level
and the small energy difference between 4f°5d' and °D, levels. The
study on the temperature dependence of samarium luminescence in
strontium tetraborate shows that the variation of Sm*>" fluorescence is
most probably governed by the lowest lying 4f°5d' states. Moreover,
the shape of emission spectra pointed out that Sm** occupies the Cs, or
lower symmetry site in SrB4O-.

Orange-red emitting La;,Sm,MgBsO,, and Gd,,Sm,MgB;0,
photoluminescent materials could be synthesized by a solid state
reaction method at 1020 °C for 8 h. Four emission bands corresponding
to the 4G5/2—>6H5/2, 6H7/2, 6H9/2 and 6H11/2 transitions peaking at 560,
600, 650 and 710 nm, respectively, upon excitation at
6H5/2—>4L13/2+6P3/2+4F7/2 (402 nm) have been observed. The decay
lifetimes for Sm®" emission upon direct excitation of Gd** is around 0.1
ms longer, confirming the energy transfer phenomena.

It was found that the best suitable synthesis technique to get phase pure
SrAl,O;9 1s combustion with EDTA as fuel. The same structure
LaMgAl;10y9 pure phase can be synthesized via same method
regardless the fuel used. No obvious conclusion about Sm*>" occupied
site symmetry could be made due to insufficient clarity of the shape
and intensity of observed transitions. Annealing under highly reducing
conditions at high temperature revealed that examined
magnetoplumbite hosts are not suitable for samarium reduction to
divalent state. The measured emission decay values fall into the range
of 2.1 — 2.7 ms for LaMgAanlg:Sm3+ and 2.5 — 3.0 ms for
SrAl;,019:Sm™".



5) Complete and partial samarium reduction was achieved under strong
reducing atmosphere by solid-state and combustion synthesis of
St3.96Smg 04Al140,5. Dependence of different fluxing agents on the
formation of various strontium aluminates was examined. Excitation
with UV radiation resulted in sharp and well resolved emission lines of
samarium ions. Distinct temperature behaviour for Sm*" and Sm®" were
detected in the range of 100-500 K. Estimated emission thermal
quenching values (TQ;;) for divalent samarium were approximately
270 K while for trivalent state around 660 K. Measured luminescence
decay values of Sm*" are substantially lower than for Sm>*, ~ 1.7 and =
2.7 ms, respectively. The spectral feature of Sm>” emission spectrum
indicates that dopant occupies low symmetry site in SryAl140;5

compound.
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Chapter 2.
2.1. Fundamentals of Lanthanide Doped Inorganic Materials

It is well known that free atoms or ions generally exhibit discrete energy
level scheme. However, of primary technological interest are not the optical
properties of the free RE atoms but rather those of the RE ions embedded into
a solid. It has been found that when introduced into a solid the electronic
configuration of RE ion usually acquires the trivalent charge state [Xe]4f™
(i.e., the two 6s® electrons and one 4f electron is removed). This is because it
takes relatively little energy to remove one electron from the 4f shell (the two
6s electrons are loosely bound anyway). For energies from IR up to the UV
range, the transitions in trivalent RE ions only involve the energy levels of the
4f shell, i.e. the ground configuration of the ion [15]. As the 4f shell of RE ion
is still shielded by the 5s5p° electrons, the free-ion energy levels are only
weakly perturbed by the surrounding environment and the 4f
intraconfigurational transitions retain their atomic-like characteristics, e.g.
spectral sharpness (of the order of 10 cm™' in good crystalline host) and long
lifetime (of the order of 1 ms). From the scientific as well as the technological
point of view one is mostly interested in the spectrally narrow highly efficient
emission of the RE ions. Such narrow lines provide sensitive probes of weak
perturbations. For example, the Stark splitting of the emission lines in a crystal
field and the relative intensity of different transitions are indicators of the site
symmetry of the emission center. Technologically the phosphors emitting
spectrally narrow lines are favorable in e.g. display devices, where they can
provide very pure primary colors (the red emission of Eu’* at 620 nm being the
most well known) [3].

This chapter will introduce the basic theoretical background for the
experiments presented in this work. A generalized look on the field of rare-
earth spectroscopy can be found in the book of Blasse [4]. Following chapter
starts with an introduction to the energy level structure of lanthanide ions and

describes the changes introduced when the ion is placed in a crystalline
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environment. Later the role of lattice vibrations in the lanthanide spectra and
the energy transfer processes occurring in the examined crystal systems is
discussed. The special properties of the samarium ion will be presented in the

Chapter 3.
2.2. Rare-Earth Elements

As defined by IUPAC, rare-earth elements or rare-earth metals are a
collection of seventeen chemical elements in the periodic table, namely
scandium, yttrium, and the lanthanoids. Fifteen elements La — Lu are
lanthanoids and fourteen elements Ce — Lu, without lanthanum, are lanthanides
(meaning the elements similar to lanthanum). The lanthanoid series comprise
the fifteen elements with atomic numbers 57 through 71, from lanthanum to
lutetium. Lanthanoids are strongly paramagnetic for all configurations from 4f'
to 4f"; hence, the compounds have been quite extensively applied in
superconductors, magnetic refrigeration, permanent magnets, etc. Scandium
and yttrium are considered rare-earths since they tend to occur in the same ore
deposits as the lanthanoids and exhibit similar chemical properties. Ln
abbreviation often is used as a general symbol for the lanthanide elements. The
partially filled 4f-shell also gives rise to unique optical properties that provide
the basis for the optical applications of lanthanides. Most importantly, the 4f
electrons remain highly localized to the atom and the optical transitions within
the 4f manifold maintain much of an atomic-like character even when the
lanthanide ion is embedded into a solid, therefore exhibit intense narrow-band
luminescence across much of the visible and near infra-red portions of the
spectrum.

Neutral lanthanides (Ln) possess the electron configuration 4f"5s*5p°6s”
where the number of 4f electrons n ranges from 2 for cerium to 14 for
ytterbium. Lanthanides are most stable in the +3-oxidation state, leading to
high coherent behavior and hence making them difficult to separate and purify.
The preference for the trivalent oxidation state is due in part to the energy of

the 4f electrons being below those of the 5d and 6s electrons (except in the
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cases of La and Ce). When forming ions, electrons from the 6s and 5d orbitals
are lost first, so that all Ln’" ions have [Xe]4f" electronic configurations. This,
coupled to the high enthalpies of hydration for trivalent lanthanides, results in
the stability of the +3-oxidation state. In reducing conditions, europium,
samarium and ytterbium can be stable in the divalent form; cerium has also
been known to adopt a +4-oxidation state. This is in contrast to the actinide
series where oxidation numbers up to +8 are known. The fact that the oxidation
state in some cases tends to +2 can be understood by looking at the reduction
potentials for the Ln’" + ¢ — Ln”" process (Figure 2.1). It makes clear why
Ln*" ions are commonly seen only for a few lanthanides: the majority of the
Ln’" jons have reduction potentials of — 2.3 V or greater [16, 17]. It is clearly

visible why only few suitable compounds for Sm*" incorporation exist.

Gd Tb Ce Er,La Ho Pr Nd Dy Tm Sm Yb Eu
T ¢ * ¢ ]
-4 -3 -2 -1 0
E,;, (V) vs NHE for

Ln* +e — Ln?

Figure 2.1 Reduction potentials for Ln’" + ¢ — Ln’" process.

An interesting property of the lanthanide series is, with a few exceptions,
the decrease in both the ionic and the covalent radii and the increase in
Pauling’s electronegativity with increasing nuclear charge Z. This can be
attributed to the poor shielding abilities of the 4f electrons thus leading to a
diminution of the radial integrals of the outer 5s and 5p electrons with
increasing nuclear charge Z. This effect is the main reason for differences
found in compounds throughout the lanthanide series, e.g. a slightly different
chemistry, but it may also have an influence on the symmetry in ion-implanted
systems.

Another general property of the ionized lanthanides is the large number of

possible coordination numbers found in compounds, leading to a larger number
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of possible symmetries [18, 19]. Coordination numbers up to 8 and 9 are
frequently found, but higher coordination numbers often exist as well [19, 20].
This is in contrast to the limited number of coordination numbers found for
transition metals. The reason for this can be seen in the more ionic character of
the bonding between lanthanides and surrounding ligands, contrary to an
emphatic covalent character of the bonding in the case of the transition metals.
Lanthanide ions possess relatively high charge densities and have a strong
electrostatic nature in their bonding, as the ions are polarizing and can be
classified as hard Lewis acids. The 4f orbitals in Ln®" ions are well shielded by
the 5s and S5p orbitals, and therefore do not participate directly in bonding
(Figure 2.2).

P?(r)

Figure 2.2 Typical radial electron distribution for trivalent lanthanide ions. The
square of the radial wavefunction multiplied by the square radius for 4f, 5s and 5p
electrons is plotted against the radius (adapted from [21]).

2.3. Introduction to Luminescence

A phosphor or luminescent material is by definition a solid that “converts
certain types of energy into electromagnetic radiation over and above thermal
radiation” [4]. Phosphors can take a number of forms usually consisting of a
host material/matrix doped with activator atoms. Many efficiently fluorescing
materials are those that originate from a deliberately added impurity [15]. The
added activator atoms are usually rare-earth (lanthanides) ions or transition

metals. Other luminescence centers include actinides, heavy metals, electron-
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hole centers and ZnS-type semiconductors. Such solids can be found among
the transition metal compounds and the rare earth compounds of different
types. A large variety of phosphors for diverse technological applications is
known. The scientific models can explain the optical properties of the
phosphors.

The term luminescence comes from the Latin (lumen = light) and was first
introduced as /uminescenz by the physicist and historian of science, Eilhardt
Wiedemann in 1888 for "all those phenomena of light which are not solely
conditioned by the rise in temperature", as opposed to incandescence [22].
Luminescence is cold light whereas incandescence is hot light. Luminescence
induced by light energy is termed photoluminescence and is formally divided
into two categories: fluorescence and phosphorescence. Fluorescence is
defined as the process of allowed radiative emission that occurs from a singlet-
excited state to a singlet-ground state. In excited singlet states, the electron in
the excited orbital is paired (of opposite spin) to the second electron in the
ground-state orbital. Consequently, return to the ground state is spin-allowed
and occurs rapidly by emission of a photon. The emission rates of fluorescence
are typically 10® s, so that a typical fluorescence lifetime is near 10 ns.
Phosphorescence is emission of light from triplet-excited states, in which the
electron in the excited orbital has the same spin orientation as the ground-state
electron. Transitions to the ground state are forbidden and the emission rates
are slow (107 — 10° s), so that phosphorescence lifetimes are typically
milliseconds to seconds. The two terms are still open for discussion. Earlier
literature refers to phosphorescence for emissions with lifetime > 107 s,
whereas recent literature suggests lifetime > 10® s. Luminescence is an all-
encompassing term that refers to emission of light from any substance and
occurs from electronically excited states. Therefore, luminescence will be used
to describe any radiative transition that cannot be defined as either

fluorescence or phosphorescence, such as samarium luminescence.
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2.4. Principles of Lanthanide Luminescence

As the 4f electrons of the lanthanides are well shielded from the
environment, the spectroscopic and magnetic properties of these ions (e.g.,
electronic spectra and crystal-field splitting) are largely independent of
environment (solvent, coordinated ligands, etc.). The number (N) of
configurations for m electrons rapidly increases with the number of 4f

electrons:

N = L 1<n<13
n! (14 —n)!’ -

The lowest energy term for each ion consistent with the predictions of
Hund’s first and second rules [23, 24]. Since all configurations have different
energies, the lanthanides tend to exhibit rich and complex energy level
structure. Due to the insignificant dependence of the Ln emission wavelength
on the host material one can compile quite universal energy level scheme for

the description of the essential absorption and emission bands of such ions, the

so called “Dieke diagram” (Figure 2.3) [25].
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Figure 2.3 Energy level diagrams of the lanthanide ions.
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The energies of the terms are determined by a combination of
interelectronic  repulsion, spin-orbit coupling and, in a coordination
environment, the ligand field. The interactions that split up the levels
belonging to the [Ln]4f" configuration are clarified in Figure 2.4, where the
Sm®" ion is taken as an example.

The first perturbation is the electron repulsion within the 4f orbitals. This
Columbic interaction yields terms with a separation in the order of 10* cm™
[26]. These terms are in turn split into several J-levels by a second
perturbation, the spin-orbital coupling, which is relatively large (10° cm™)
because of the heavy lanthanide nucleus [27]. These levels, in turn, can be split
again into what are termed Stark sublevels due to ligand field effects from the
coordination sphere around the lanthanide; Stark sublevel splitting is on the

order of 10* cm™ (Figure 2.4) [28].

5
4f’5d’ D,
/ °D
5D3 =
52
D1
5
Do
sm”
~10‘cm”
7
F J= ]
5 } ~10°cm”
4f"_ 4
F——————— ]
2 = -
1 =)~10%cm”
0 -
Electronic Spectroscopic Spectroscopic Stark
configuration terms levels sublevels
—_—> _— —_—
Electron repulsion Nephelauxetic effect
Spin-Spin Spin-Orbital Crystal field
coupling coupling splitting

Figure 2.4 Splitting of the energy levels belonging to the [Ln]4/°5d" configuration
(example given for Sm*").

In the Russell-Saunders coupling scheme, the electron repulsion is
considered to be much larger than the spin-orbital coupling. The individual
orbital angular momentum and electron spin angular momentum of all the

electrons combine into a total atomic orbital angular momentum L and a total
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spin angular momentum S. The total angular moment J is given by the
coupling of L and S. This scheme is not correct for the lanthanides but neither
is the j-j coupling scheme where the spin-orbital coupling is larger than the
electron repulsion. It has been found that the LS-coupling describes the lighter
elements, where the electrostatic interaction is relatively strong, whereas in the
heavier atoms the j-j coupling is more appropriate. The lanthanide atoms lie
somewhere between and neither coupling scheme is wholly appropriate. More
accurately, the quantum states of lanthanide atoms and ions can be described as
intermediate coupling states, which can be considered as mixed states (linear
combinations) of several LS states [29]. In the intermediate coupling scheme,
the Coulombic and spin-orbital interactions are simultaneously introduced.
Terms with the same J but different L and § can mix. L and § are no longer
valid quantum numbers, but J is. Consequently free ion levels are described by
the term symbols @S*DL,. The LS notation is most appropriate for the states
near to the ground state. The effect of mixing is relatively small on the energy
of the levels but can be significant on the optical transition probabilities
between the states.

When a lanthanide is surrounded by a coordinating environment, with
inorganic or organic ligands, all the electrons of the system, other than those of
the lanthanide ion itself, destroy the spherical symmetry of the “free ion”.
Usually, this effect is called the crystal-field perturbation. 1t is a good
approximation to consider only the first coordination sphere, because of the
good shielding of the f electrons. When individual J-levels are split up further
by the crystal field, J mixing is allowed. Thus, L, § and J are no longer valid
quantum numbers but for convenience, the name of the mixed term is derived
from the largest contributing term. As mentioned earlier the average energy
gap introduced between the levels by this perturbation is 10* cm™. When the
lanthanide is placed in a magnetic field, there is an additional perturbation: the
Zeeman perturbation. All remaining degeneracy is destroyed. This results in
the overall emission peak position remaining largely unchanged as the f-

electrons remain shielded, but the emission profile of a lanthanide (defined as
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the relative intensity and degree of splitting of emission peaks) can vary greatly
depending on modulation of these influences [30, 31]. The number of Stark
sublevels depends on the site symmetry of the lanthanide ion, and these can be
thermally populated at room temperature, yielding emission spectra that are
more complex.

Ions with an odd number of 4f electrons, after forming Ln ions, have
electronic doublet levels, so-called Kramer’s doublets, with magnetic moments
of the order of a Bohr magneton. For non-Kramer’s ions, with an even number
of electrons, the levels are electronic singlets and the electronic angular
momentum is quenched by the crystal field, except if the ions are located in a
site with axial or higher symmetry, in which case so called non-Kramer’s
doublets occur [32, 33]. Ions with a non-quenched electronic angular
momentum experience large first-order Zeeman and hyperfine interactions.
According to Kramer’s theorem, the maximum number of states arising from a
J-manifold of an electronic configuration with odd number of electrons is (2J
+ 1)/2; each level remains at least doubly degenerated. Such two-fold
degeneracy can be removed, in principle, by applying external magnetic field.
For electronic configurations with even number of equivalent electrons, the J-
state degeneracy can be removed completely and the number of the states is 2J
+ 1. Based on this it is expected that the luminescence spectra of Ln ions can
be used as probes for local crystal field symmetry at the impurity centre.

Due to spin-orbit coupling, the excited states of the lanthanides are well
separated from the ground state manifold. Thus, the excited states are
thermally inaccessible and ideal for electronic transitions. With the exceptions
of the 4f° and 4f'" species (La’" and Lu’"), all lanthanide ions absorb
electromagnetic radiation, primarily in the visible region, which is manifested
in f-electrons from the partially filled 4f subshell being excited from the
ground state to an excited state.

4f-4f transitions are forbidden by the Laporte selection, which means
transition cannot occur between the same shells (AL # 0). In other words, the

parity of final and initial state should be changed to obtain the allowed
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transition. However observation of these transitions is explained through
simple configuration mixing caused by a non-centrosymmetric crystal field,
allowing opposite—parity excited configuration to become slightly mixed into
4f" by the Judd [34] and Ofelt [35] theory. Thus, when the ion is located at a
site without inversion symmetry, the electric dipole transition may become
allowed by the admixture of states from opposite-parity configuration (like 5d)
into 4f wave functions, due to the odd-parity crystal field [36]. The transitions
are derived, in most cases, due to forced electrical dipole transitions. In some
cases, considerable contribution can also be made by magnetic dipole
transitions. However, electric dipole transitions are much weaker in
lanthanides [21]. Electronic transitions must involve promotion of an electron
without a change in its spin (AS = 0) and with a variation of either the total
angular momentum and the total angular quantum number of one unit at most
(AL =0, £1; AJ =0, £1). Though absorption of radiation can in theory promote
the lanthanide ion to any energetically accessible state, emission normally
occurs only from the lowest lying spectroscopic level of the first excited term
due to rapid internal conversion [4]. In cases of low symmetry or vibronic
coupling, the f-f transitions can gain intensity through f- and d-state mixing
with higher electronic states of opposite parity [37]. Broad 4f" — 4f"'5d'
transitions can also be seen in the infrared region for some lanthanides. These
transitions can be attributed to another class of important spectroscopic
features emerging from lanthanide ions. The 5d states differ from 4f states by
their remarkably stronger coupling to crystal lattice vibrations and less
localized nature. Furthermore, inter-configurational transitions from 4f"'5d'
state are parity allowed resulting in 10* times higher absorption cross section
compared to f-f transitions. Due to the latter and relatively high energy needed
for the excitation, these transitions are becoming popular in UV lasers and

scintillator applications [38].
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2.5. Intraconfigurational f-f Transitions Selection Rules

Electronic transitions occur through the interaction of atoms or molecules
with the electric or the magnetic component of electromagnetic radiation.
Since the start- and end-state of these transitions have the same parity, electric-
dipole transitions are forbidden by the Laporte selection rule and only
magnetic dipole transitions can occur [39]. Magnetic dipole transitions are
generally weaker than electric dipole transitions by a factor of 10°. In non-
centrosymmetric systems, electric dipole transitions can be induced by mixing
of configurations of opposite parity (e.g. 4f"'5d") in the 4f" configuration by
the crystal-field potential (this is the perturbation of the lanthanide energy
states caused by the interaction of the f-electrons with the crystal field) [34, 35]
or by vibronic interactions. These induced electric dipole transitions have a
small intensity. The molar absorption for 4f-4f transitions typically are around
10 %Lmol'cm™. In the case of crystallographic sites with inversion symmetry,
the Laporte selection rule can be weakened by non-centric distortions like
lattice defects. In general, the weakening for sites with inversion symmetry is
still considerably smaller than the weakening for non-inversion sites. Magnetic
dipole transitions have different selection rules than the electric dipole
transitions [40]. Finally, the atomic spectra have to obey the following

selection rules:

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

— AL = 0, £1, with Al = =£1, the orbital angular momentum of an
individual electron must change.

— AJ=0, £1, but J=0 <> J =0 is forbidden.

— Laporte selection rule, which forbids electric dipole transitions between
levels with the same parity, examples are electronic transitions within

the d-shell, within the f-shell, and between d and s shells.
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In the case of lanthanide ions with an even number of electrons some
additional selection rules apply: (1) J = 0 <> J*= 2, 4, 6 should be strong and
2)J=0 < J=1, 3, 5 should be weak.

Magnetic dipole transitions within the 4f" configuration, which obey the
selection rule AJ = 0, £1 are allowed (except for J = 0 to J = 0), but have low
strengths. The electric dipole intra-4f transitions are in principle parity
forbidden, and those transitions that do not occur within the ground multiplet
may also be spin-forbidden (AS # 0). However, in an asymmetric environment,
the electric dipole f-f transitions become weakly allowed by mixing of opposite
parity wave functions (primarily the 5d wave functions) into the 4f wave
functions. In other words the parity forbidden intra-4f-transitions gain some
intensity from the allowed 4f-5d transitions [37].

The spin selection rule is relaxed by the fact that heavy atoms have large
spin-orbit couplings. Because the strengths of these induced electric dipole
transitions are in the same order of magnitude as those of magnetic dipole
transitions, both transitions can be observed in lanthanide absorption and
emission spectra. The forbidden character of intra-4f transitions causes them to
have low intensities and relatively long luminescence lifetimes (in the range of
ps to ms).

As mentioned before, f-electrons are not much influenced by local changes
in the environment, because of the efficient shielding by filled 5s and 5p
orbitals. As a result, the intensities of the transitions are, in general, not much
affected by the environment. Some transitions are however very sensitive to
small changes of crystal field. These transitions are called hypersensitive
transitions and obey to the selection rules | AS | =0, | AL | <2 and | AJ | <2
[41]. The intensities of these transitions may be up to 200 times larger than the
corresponding transition while the other transitions are generally
approximately the same. The hypersensitive transitions are useful tools in the

analysis of lanthanide spectroscopic data.
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2.6. Configurational Coordinate Diagram

The energy level diagram of lanthanide metal ions forms a starting point
for the analyses of their luminescence properties. The configurational
coordinate model is often used to explain optical properties of a localized
center, particularly the effect of lattice vibrations. In this model, a luminescent
ion and the ions at its nearest neighbor sites are selected for simplicity. In most
cases, one can regard these ions as an isolated active center by neglecting the
effects of other distant ions. In this way, the huge number of actual vibrational
modes of the lattice can by approximated by a small number or a combination
of specific normal coordinates. These normal coordinates are called the
configurational coordinates. The configurational coordinate model explains
optical properties of a localized center on the basis of potential curves, each of
which represents the total energy (E) of the ion in its ground or excited state as
a function of the configurational coordinate (Figure 2.5). Here, the total
energy means the sum of the electron energy and ion energy. To understand
how the configurational coordinate model is built, one is first reminded of the
adiabatic potential of a metal-ligand dimer, in which the variable on the
abscissa 1s simply the inter-atomic distance. This simple model can explain a

number of facts qualitatively, such as:

— Stokes’ law; 1.e., the fact that the energy of absorption is higher than
that of emission in most cases. The energy difference between the two is
called the Stokes’ shift;

— widths of absorption or emission bands and their temperature
dependence;

— thermal quenching of luminescence.

In Figure 2.5 Ry is the interatomic distance at the equilibrium of the
ground state, and E, is the total energy at R = Ry. The spatial distribution of an
electron orbital is different between the ground and excited states, giving rise
to a difference in the electron wavefunction overlap with neighboring ions.

This difference further induces a change in the equilibrium position and the
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force constant of the ground and excited states, and is the origin of Stokes’
shift. In the excited state, the orbital is more spread out, so that the energy of
such an electron orbital depends less on the configuration coordinate; in other
words, the potential curve has less curvature. The nucleus of an emitting ion
stays approximately at the same position throughout the optical processes. This
is called the Franck-Condon principle. Consequently, electronic state transition
times are much shorter than vibrational relaxation of nucleus and therefore
assumed to occur in static conditions (vertical lines for transitions). This
approximation is quite reasonable since an atomic nucleus is heavier than an
electron by 10° to 10° times. The optical absorption proceeds from the
equilibrium position of the ground state. The probability for an excited electron
to lose energy by generating lattice vibration is from 10" to 10" s™', while the
probability for light emission is at most 10° s™'. Consequently, state B relaxes
to the equilibrium position C, because relaxation from excited vibrational
states is much faster than emission [42]. This is followed by the emission
process C—D and the relaxation process D—A, completing the cycle. The
excitation (absorption) and emission spectra contains one sharp line at the
same position, corresponding to the transition from the lowest level of ground
and excited states. This transition is called the zero-vibrational or zero-phonon
transition, since no vibrations are involved.

At temperatures above 0 K, electrons are distributed over different
vibrational levels according to the Boltzmann’s law. The amplitude of this
oscillation causes the spectral width of the absorption transition. If the
temperature is high enough, electrons in the excited state can intersect the
ground state curve (point Q in Figure 2.5b) allowing vibrational relaxation
(via phonon release) to the ground state without any radiative emission [43]. It
can be described as the absorption of thermal energy (phonon) from point C,
which excites the electrons to the intersection point Q. Since non-radiative
processes now can take place, the observed luminescence intensity from a large
quantity of excited ions will diminish, explaining the thermal quenching

behavior that is observed for most phosphors. When the temperature is
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elevated, electrons are spread over a number of vibrational levels in the excited
state. Since radiative transitions can take place between any of the vibrational
states in the excited and ground states, a broadening of the emission lines is

expected [43].
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Figure 2.5 General scheme for explanation of luminescence transition according to
the Franck-Condon principle in a configurational coordinate diagram, showing the
parameters energy (E) and configurational coordinate (R).

2.7. Quenching Processes

There are mainly two different mechanisms which can inhibit emission of
photons by excited luminescent centers. This is known as luminescence
quenching and in turn may be classified as a) multiphonon relaxation; b) cross-

relaxations and energy migration.
2.7.1. Multi-phonon Relaxation

A phonon is a quantized vibration mode occurring in a crystal lattice.
Another description for a phonon is quantized thermal energy. Phonon
relaxations correspond to the collisional decay of an excited energy level, due
to the crystalline lattice vibrations or, in other words, to the rapid short-range
movement of the closely spaced atoms. The process when the excited state is
depopulated by the surroundings in the form of vibrational energy, often

referred to as phonon emission. Hereby, the energy difference between the
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excited states is transferred to one or more phonons. This relaxation is
normally described as a leakage process. The effectiveness of this process
depends on the availability of high-energy vibrations in the surroundings and
the energy difference between the energy levels of the lanthanide ion.
Multiphonon relaxations between two energy states occur by the simultaneous
emission of several phonons that are sufficient to conserve the energy of the
transition. Table 2.1 reports typical phonon energies of different matrices; the
probability of multiphonon relaxation may be assessed by using a simple
energy gap model [44]. To reach luminescence from an ion with high radiative
emission efficiencies the non-radiative relaxation caused by multiphonon
relaxation has to be minimized. For this case large energy-gaps, in the region
of 10° — 10* cm ', between the excited states and the next lowest levels are
useful. Additionally minimizing the highest-phonon-energy of the hosts leads
to an increase of the number of required phonons for the multiphonon
relaxation to bridge this energy gab. The more phonons are needed to bridge
the gap, the higher the efficiency of the radiative depopulation. The intensity of
the vibronic transition is dependent on the square overlap integral (Franck-
Condon factor) of the initial and final vibrational states and this overlap
decreases rapidly as the number of vibrational quanta increases [45]. This is
summarized in the theory of the energy gap law [46]. It is common to assume
that non-radiative relaxation is inefficient if more than 5 — 7 phonons are

necessary to bridge the gap.

Table 2.1 The maximum of phonon energy of the various hosts.

Phonon energy

Material

(cm™)
Borate = 1400
Phosphate =1100 - 1200
Silicate = 1100
Germanate = 900
Tellurite =700
Aluminate = 700
Fluorozirconate = 500
Sulfide (Ga, La) =450
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2.7.2. Cross-relaxation and Energy Migration

Cross-relaxation and on the other hand cooperative up-conversion
processes leads to fluorescence quenching, i.e. to the decrease of fluorescence
intensity when the lanthanide concentration is increased. Cross-relaxation is
the full or partial transfer of excitation energy to an acceptor in a lower level.
This process can be very efficient, if the energy differences in the participating
donor and acceptor levels are resonant or the energy needed to excite the
acceptor is slightly smaller than the energy provided by the donor. With
increasing concentration of lanthanide ions, the ion spacing decreases and may
be small enough to allow them to interact and transfer energy. Cross-relaxation
may occur between lanthanide ions if they have two pairs of energy levels
characterized by the same energy gap AE. An excited ion D (donor) transfers
half of its energy to a ground-state ion A (acceptor), so that both ions move to
a same intermediate level, from which they decay non-radiatively to the ground
level. Example of Sm’" cross-relaxation pathway is given in Figure 2.6.
Cooperative up-conversion process occurs between two excited ions D and A:
D gives its energy to A, so that D relaxes to ground state, while A goes to a
higher energy level. From this higher level A can relax either emitting a photon
with higher energy (i.e. higher frequency and lower wavelength) than the
exciting photon or via phonons and a lower-energy photon. In any case, at least
one exciting photon is lost for the amplifying process. Cross-relaxation is often
used to sensitize ions with small absorption cross section by co-doping with
ions with strong absorption to achieve a more efficient excitation.

Energy migration is another form of cross-relaxation between two ions of
the same sort. If the excited state energy levels of two identical ions are
resonant, then the energy can be transferred to the neighboring ion by cross-
relaxation and travel through the material hopping from one ion to the other.
This can be very useful if energy transfer is desired as in sensitized systems or
can be harmful if the excitation energy is transferred away from the active ion
to unwanted impurities. Resonant ions are those, which can transfer energy

when they have similar separations between the energy levels. The small
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mismatch in energy can be compensated by the emission or uptake of a
phonon. An increase in the doping concentration leads to a faster energy
migration through the material, making the chance of meeting a quenching site
higher. For reasons of cross-relaxation and energy migration, high doping
concentrations often lead to a decrease in luminescence intensity and

luminescence lifetime [47].
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Figure 2.6 Energy level diagram showing cross-relaxation channel for Sm’ -doped
PKFBASm glasses [48].
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Chapter 3. Characteristics of Samarium
3.1. The Ground State of Samarium Ion

Energy levels of free rare-earth ions are derived starting from classical
Russell-Sounders approximation. Electrons in a free atom reside inside a shell
and are characterized by a particular value of n, the principal quantum number.
Within each shell electron can reside on / = n — 1 sub shells. These sub shells
are sometimes referred to s, p, d, f etc. orbitals, depending on the value of the
orbital quantum number / (I =0, 1, 2, 3 for the s, p, d, f orbitals). A quantum
mechanics approach to determine the energy of electrons in an atom or ion is
based on the results obtained by solving the Schrédinger wave equation for the
hydrogen atom. The various solutions for the different energy states are
characterized by the three quantum numbers: n, [ and m,;. A fourth quantum
number, which is denoted as m, and describes the electron spin states, is also
added to the final set of quantum numbers, uniquely describing a particular
state.

The electronic configuration of Sm atom is, for example:
Sm” — 1s® 25> 2p° 3s? 3p°® 3d'? 45 4p° 4d'° 41° 557 5p° 65

In short form — [Xe]4f°5d'6s® for idealized and [Xe]4f°6s® for observed
configuration. The discrepancy arises because of comparable energy of the 5d
and 4f orbitals, so that is why the distinction between the two is not easy.
When samarium is incorporated into materials it become triply or doubly
ionized, e.g. to Sm’>" or Sm*". Therefore, the electronic configuration must be

changed as below.

Sm’" — 1s” 2s% 2p° 35> 3p° 3d'° 4s” 4p°® 4d"? 4f° 557 5p°
Sm*" — 1s% 2s* 2p° 35 3p° 3d'° 4s” 4p°® 4d"? 4f° 557 5p°
The electrons that lie inside of the 4f° shell are shielded by the 5s°5p°

closed subshells. The ground electronic configuration, with taking the angular

momentum and the total spin into account, amounts to 2002 for Sm>* and 3003
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for Sm>" for the perfectly isolated samarium ions [30]. The degeneracy is
removed by applying the spin-spin, orbital-orbital and spin-orbital interaction.
Finally, it is possible to determine which electronic levels are going to be
allowed by the selection rules. Below, the fundamental -electronic

+3+ . -
2*B3* is introduced.

spectroscopic notation of Sm
The ground state can be assigned by Hund’s rules. These rules can be
summarized as follows. The notation S and L indicate the spin angular

momentum and orbital angular momentum, respectively.

1. For a given electron configuration, the term with maximum multiplicity
has the lowest energy. Since multiplicity is equal to (2S + 1), this is also
the term with maximum S.

— Spin — Spin Interaction

2. For a given multiplicity, the term with the largest value of L, has the
lowest energy.

3. For a given term, in an atom with outermost subshell half-filled or less,
the level with the lowest value of J, lies lowest in energy. If the
outermost shell is more than half-filled, the level with highest value of
J, is lowest in energy. J is the total angular momentum, J = L. + S.

— Spin — Orbital Interaction

4. The wave function (product of angular and spin wave function) should

be anti-symmetric.

The spectroscopic notation of splitting energy levels under spin-spin
interaction is VI, where T =S, P, D, F, G, H, J, K, L... if the angular
momentum L equals to 0, 1, 2, 3, 4, 5, 6, 7, 8... . Under the spin-orbital
interaction it is necessary to consider the total angular momentum J, where J =

L+ S (IL - S| <J <L +8). This interaction will split ***"I" into >V,
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Table 3.1 Russell-Saunders notation of Sm**/Sm’" ground state.

m 3 2 1 0 -1 2 3 s 1 g e

S lartaiathih,
St 4f  uL el el el el L)) 5205 52 “Ha,
Lpx=3+2+1+0-1
Smax =2t tat iyt iat s+l
sm? a4 Ll el il el il L) 303 00 7Ry
Lpax=3+2+1+0-1-2
AS=1IEmy —m;=+% () orms=—"(])
bLZIZm;I

¢J = IL — S| (less than half-filled shell)
dpredicted ground state according to Hund’s rules

The 4f shell of Sm*" has 6 and Sm’" — 5 electrons. The maximum
multiplicity for spin momentum is obtained when electrons are in spin up
states. For Sm”" the Sy is 3 and maximum multiplicity (28 + 1) is 7. With all
spin up states, the wave function of spin part becomes symmetric, which means
that the symmetry of the angular part of wave function should be odd. The
quantum number of angular momentum of 4f state is 3, which means there is
degeneracy of 7 (m; = 3, 2, 1, 0, -1, -2, -3). In Table 3.1 is given the
configuration of 4f shell electrons presenting the maximum spin multiplicity
and the highest degeneracy of angular momentum. Thus, the maximum spin
multiplicity is 3 and L, is 3 (F state). Therefore, the lowest energy can be
assigned as the F state level. The ground state becomes 'F, because the 4f sub-
shell is less than half filled. Accordingly the ground state for Sm®" is °Hs, with
L.x =5 (H state) and S, = 5/2.

3.2. Host Dependant Samarium Luminescence

For a number of lanthanides multiple oxidation states are possible, the final
oxidation state depending on the choice of raw materials, the method of
synthesis and the type of matrix they are incorporated in. Such is the case for

samarium, which can be both stable in the trivalent and the divalent state.
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Although samarium is much more stable in the trivalent state than divalent,
consequently only several compounds with Sm*" are known. In that respect,
the oxidation state of the samarium in the different lattices could well differ
depending on the synthesis temperature and atmosphere used. The
luminescence properties of samarium in divalent state are different from the
trivalent state. Characteristic Sm>" (4f°) and Sm®" (4f°) transitions can be found
in the red part of the visible spectrum (550 — 850 nm). Since the valence
change is interconnected to measured optical properties, samarium luminescent
and chemical properties are discussed together.

The spectroscopic properties of triply ionized samarium ion doped into a
variety of host matrices have been extensively studied [49-52]. It was observed
the strong fluorescence in the visible region and discovered that the radiative
property of the dopant depends on the chemical environment and the host
materials into which it is doped.

The Sm’" ion has a 4f° electron configuration, which is characterized by
198 "L, free-ion levels. In the presence of a low-symmetric crystal field,
these free-ion manifolds split into a total of 1001 crystal-field levels (non-
Kramer’s degeneracy). Usually the crystal-field fine structure is not resolved
due to inhomogeneous line broadening and only emission bands between
511, manifolds are observed. Only a limited number of the 198 i o
manifolds can be observed experimentally. Moreover, many of the manifolds
are lying so close to each other that is why it is not possible to determine their
exact maximum.

The initial level for all the transitions is the 6H5/2 ground state of Sm**
(Figure 3.1). The first excited state °Hy, is only =~ 1100 cm™ above the ground
state, but no transitions starting from this level could be detected [53]. The
observed emission is due to transitions from the ‘Gs, level to the various
excited °H yand Sp 7 levels. When Sm*" is excited by blue, violet or ultraviolet
light, an intense orange luminescence is observed. When any of the energy
levels above 4G5/2 1s excited, there is a fast non-radiative relaxation to this

emitting level. Consequently, the same luminescence spectrum is obtained
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regardless the excitation wavelength (same relative intensities). However, the
absolute intensities are dependent on the excitation wavelength. The most
intense luminescence is observed by exciting the samples at 400 — 405 nm (=
25000 cm™). This is excitation to the °Ps; level. The orange luminescence

color 1s due to the intense 4G5/2 — 6H7/2 transition at around 600 nm (= 16700
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Figure 3.1 Calculated energy level of Sm”" (left) and Sm’* (right) ions by considering
spin-spin and spin-orbital interaction.

The degeneracy of the 4f° electronic configuration of the divalent
samarium ion is 3003. The degeneracy of the 4f° configuration is removed by
several perturbations acting on the lanthanide ion: electron repulsion, spin-orbit
coupling and the crystal field perturbation. After introduction of electron

2SHLJ terms. The

repulsion, the 4f° configuration is characterized by 119
degeneracy of each term is (28 + 1)(L + 1). The 4f° configuration is split by
spin-orbit interaction in 295 *"'L; levels. The degeneracy of each spin-orbit
level is 2J + 1 (Kramer’s degeneracy). This degeneracy is further removed by
the crystal field effect, after which the energy levels are characterized by the

irreducible representation of the point group. Divalent Sm*" ions have a ground

4f° configuration with the lowest spectral term 'F and the first excited term °D,
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which split into seven multiplets "Fo to "F and five — °Dy to °Dy, respectively,
due to the spin-orbit interaction. With these splittings, the luminescence
spectrum of Sm*®" is expected to resemble closely the isoelectronic situation of
Eu’’. However, the first excited 4f°5d' configuration for Sm*", located in the
visible and near UV region, is energetically much lower than for Eu’". This in
turn affects various luminescence features of the Sm*" doped crystals, which
are well known to depend on the relative position of the lowest 4£°5d"' levels
with respect to the excited °D, multiplet of 4f°. Therefore, the excitation
mechanism of Sm”" luminescence is quite different from for trivalent
lanthanide ions. The parity-allowed transition 4f° — 4f5d' can generate
notable luminescence and offers enough intensity for the presented optical
measurements.

Divalent samarium is a lanthanide ion capable of exhibiting both sharp line
and broadband emission spectra, depending on the choice of the host material
and the synthesis conditions. The prevailing type of emission is determined by
the location of the lowest (emitting) levels due to 4fd' and 4f electron
configurations relative to one another. Sm*" (4f°) has its levels arising within
4f-configuration at low energies (D, at about 700 nm, 14300 cm™) and
exhibits 4f—4f emissions in quite a number of compounds, even at room
temperature. The position of the 4f°5d' excited levels depends on several
factors, such as the crystal field strength and bond covalence between the
luminescence center and the ligands. The 4f°5d" excited levels are split into the
lower e, and higher t,, states (in O, symmetry), where energy separation
depends on crystal field strength (Figure 3.1). Because of the large spatial
extent of the 5d wavefunction it is vibrationally broadened much more than the
forced electric-dipole transitions, which occur within the 4f shell. 5d — 4f
emission bands in materials are typically several tens of nanometers in width.
The luminescence properties of Sm”" are sensitive to the temperature. At low
temperatures, the 4f°—4f° sharp transitions were detected, while at high
temperatures usually additional allowed broadband transition 4f5d'—4f°

appears, owing to the thermal population of the 4£°5d" lower level.
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Figure 3.2 Energy level diagram of trivalent (black) and divalent (grey) samarium.
The Sm’* energy levels are a combination of the 4f° and the 4f'5d" states [36, 54].
The 4f°5d" states of Sm’" are in the far VUV (with energies of about 70000 cm™)
[25]. All excited states are highlighted with a grey background. Closely spaced levels
are depicted as bands.

Moreover, it can be seen that Sm”>" offers some advantages by comparing
the trivalent energy level of samarium with the divalent one (Figure 3.2). The
normal 4f° energy levels are superimposed by the broad energy levels of the
4£°5d'. For qualitative explanation of excitation data a superposition of the
multiplet structure of the 4f° core and the 5d' crystal-field levels is applied [37,
55]. 5d levels, in low symmetry site, can split into maximum five components
which can couple with 4f°(°H)) and 4°(°F,) core electron substates. These
energy levels mainly increase the absorption in the green, blue and UV spectral
range.

Usually, there are two kinds of methods for the reduction of Sm*>* to Sm**
ions. The first one is heating the Sm®" ions-doped materials in a chemical
reducing atmosphere like H,/N, mixture gas, which is effective to reduce Sm*"
to Sm®". The second one is to irradiate the Sm>"-doped samples with high-
energy radiation, such as femtosecond laser [56], y-ray irradiation [57], B-
irradiation [58], and X-ray [59]. During the irradiation, free electrons and holes
are created. Some electrons can be trapped by Sm’" ions, leading to the
formation of Sm®” ions and holes are trapped by other defects. Hence, the
luminescence of Sm*>" ions is highly dependent on the sample preparation

conditions, because of the different defects created by different methods.
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The halide compounds are the best-known materials for divalent samarium
incorporation. These comprise the alkaline-earth halides MX, and
halogenofluorides MXF (M = Ca, Sr, Ba; X = Cl, Br), the perovskites ABF; (A
= Na, K, Rb; B = Ca, Mg) and the alkali halides MX (M = Na, K, Rb; X = Cl,
Br, I) [60-63]. In all cases strong reducing conditions were used for samarium
reduction. In addition, phosphates (KSrPO,) and borophosphates (BaBPOs)
showed suitable characteristics for Sm*" incorporation [64, 65]. Doped BaSO,
also demonstrated samarium reduction [66]. However, there are reports on
unusual samarium reduction in high temperature under air. There are only three
compounds obtained showing such behavior, e.g. SrB40;, SrBsO,o and
BaBgO,; [67, 68]. Following the above mentioned results, few conditions for
divalent lanthanide state stabilization in inorganic hosts can be summarized:
(1) it is necessary to avoid any oxidizing ions in the structure (NOj, etc.); (2)
suitable crystallographic site for Sm*" should be divalent; (3) the substituted
cation radius have to be similar; (4) the coordination number (CN) of
substituted cation i1s expected as high as possible [69, 70]. Besides, the
tetrahedral anion groups (BO4, SO, PO, and SiO4) in the structure are
favorable, due to the lower binding energies.

Sm**/Sm*"-doped materials, however, are generally observed to be
efficient phosphors under ultraviolet or visible excitation and one can
reasonably expect that their luminescent properties may be of some interest for
industrial applications, in fluorescent lamps for example, where single crystals
are not needed. In the framework of an exploration on Sm*"-doped compounds,
it have been attempt to work out a simple and reliable method to prepare

powder samples containing samarium in the divalent state as impurity.
3.3. Samarium as Structural Probe

The idea of crystal symmetry sensing via lanthanide ion photo-luminescent
probes is not new. Lanthanide emission profiles have complex character due to
Stark sublevel splitting, which is largely dependent on the site symmetry of the

central lanthanide ion. Thus, if the emission (or the absorption) spectrum of a
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pure lanthanide compound is known, it is in principle possible to determine the
point group of the lanthanide site. As described earlier the electric dipole
transition °Dy-'F, and magnetic dipole transition Do-'F; of Eu’" have
successfully been used to probe the site symmetry changes in low symmetry
crystal sites [71, 72]. However, the group theory and resulting crystal-field
parameterization of lanthanides is complex and complications such as low site
symmetry or the additional degeneracy of odd-electron lanthanides make
spectral assignment of crystal-field transitions very difficult. Systems with an
odd number of f-electrons (i.e., Sm>", Gd*") are nearly impossible to use as
probes for the site symmetry around the lanthanide ion due to Kramer’s
degeneracy [18]. For a crystalline compound with symmetry lower than cubic,
every level will be split into maximum crystal-field levels in the absence of an
external magnetic field.

The divalent samarium ion has several characteristics useful for probing
the site symmetry [73]. First, Sm>" has an even number of electrons ([Xe]4f®),
so total degeneracy is removed only in low symmetry cases. Second, the 'F,
ground state of Sm”" is non-degenerate, meaning it will transform as the totally
symmetric representation of the point group, which simplifies spectral
interpretation significantly. Third, many of the **"'L; levels where J is small
(and there is a straightforward relationship between crystal-field splitting and
crystal-field parameters) are present in the optical region for samarium,
meaning crystal field parameters can be measured directly from experimental
spectra. Finally, there is very little overlap between the crystal-field levels of
different J states, so levels in the ground ’E, and excited °D, terms can be
easily distinguished in high resolution spectra.

The most interesting and informative transitions in the divalent samarium
luminescence spectrum are: Dy — 'F, (= 685 nm), Dy — 'F, (= 690 — 705
nm), Dy — 'F, (= 720 — 730 nm) and "Dy — 'F4 (= 800 — 820 nm). All of
these are electric dipole transitions with the exception of Dy — 7F1, which is a
magnetic dipole transition [18]. The first peak in the emission spectrum allows

for determination of sample purity and significantly narrows down the list of
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potential point groups. If the D, — 'F, transition shows any splitting,
consequently more than one non-equivalent site is present. This transition is
also reported to shift with coordination number, most likely due to an increase
in Sm**-ligand covalency via the nephelauxetic effect [74, 75].

Set of peaks usually found around 690 — 705 nm, allows for further
isolation of the correct point group of the compound. If the D, — ’F,
transition is split into three peaks, the symmetry must be either orthorhombic
(D,, Csy), monoclinic (C,, Cy) or triclinic (C,). If the transition has only two
peaks, it leaves the hexagonal, trigonal or tetragonal symmetries (Figure 3.3).

If the symmetry is high, more transitions are forbidden by symmetry
restrictions; therefore, lanthanides occupying sites of low symmetry will have
more peaks within a spin-orbit coupling band than those in site of higher
symmetry. This feature is well illustrated by the >Dy — 'F, (= 720 — 730 nm)
transition. If the symmetry is found to be orthorhombic, monoclinic or triclinic,
the exact point group can be assigned using this transition. If the band at = 720
— 730 nm has only three peaks, the point group is D,, four peaks indicate a
point group of C,,, and five peaks leave the remaining point groups (C,, Cs and
C,) as possibilities. For the hexagonal, trigonal and tetragonal symmetries,
further information is required. If polarized spectra can be obtained,
distinctions can be made using this and the D, — ’F, transition to clearly
identify the point group of the Sm*" coordination sphere (Figure 3.3).

The symmetry also has an influence on the radiative lifetime of the °D,
level. The radiative lifetime is the time for the luminescence to drop to 1/e in
intensity in absence of quenching. In the case of a Sm*" ion without inversion
symmetry the rate of the forced electric dipole transition is higher than in the
case of a Sm”" ion with inversion symmetry. This automatically means that the
radiative lifetime of a Sm”>" ion in a site with inversion symmetry is longer.
Radiative lifetimes of lanthanide ions have been calculated with several
methods, of which the Judd-Ofelt theory is the most popular [34, 35]. In this

theory, the strength of the electric dipole transitions are calculated from the
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absorption spectrum and these strengths can be related to the radiative lifetime.
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Figure 3.3 Scheme for point group determination based on selected transitions in the
Sm’" ion. Modified for luminescence spectrum from references [31, 77].

Such approach is superior to conventional XRD and Raman measurements
because of its spatial selectivity and higher efficiency. Compared to Raman the
excitation cross-section of luminescence is ~ 10* times higher allowing much
smaller amounts of material to be characterized. As such, the luminescence
based detection method in theory could be used even at nano scale, when
single atom emitters and fluorescence resonant energy transfer (FRET)

microscopy is used [76].
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Chapter 4. Properties of the Host Materials
4.1. Crystal Structure of SrB,0O,

The orthorhombic phase of strontium tetraborate, a-SrB4O- (I), is known
for a long time [78]. This compound has attracted attention owing to its
interesting physical properties, namely an unprecedented fundamental optical-
absorption edge among oxide compounds (~ 130 nm), good luminescent
characteristics and an ability to stabilize rare-earth elements in divalent state
[79-81]. The compound was reported to be the first example of an anhydrous
borate featuring only tedrahedrally coordinated boron in which all the boron
and oxygen atoms are involved in the borate network.

SrB4O; (SrTB) falls in a glass-forming range within the SrO-B,0; system
and can simply be obtained as a glass. Consequently synthesis of crystalline
borate compounds is rather tricky [82, 83]. Several borate compounds appear
in crystalline as well as glassy form. The solid-state synthesis using boric acid
as the boron source allows the preparation without melting the constituents,
which is essential for avoiding glass formation. This necessitates longer
reaction times and eventually evaporation of boric acid may cause non-
stoichiometry. The process of glass re-crystallization occurs through complex
mechanisms with potential formation of other crystalline phases, especially
through metastable phases. The phase diagram in Figure 4.2 reveals five main
phases in the SrO-B,O; system: (I) strontium tetraborate (SrB,O;), (II)
strontium diborate (SrB,O,) [84] and its high-pressure form [85], (III)
distrontium diborate (Sr,B,05), [86], (IV) tristrontium diborate (Sr3B,0g) [87]
and (V) strontium hexaborate (SrB¢O;,) [88]. However, the phase diagram is
not complete, because additional phases are reported: (VI) distrontium
hexadecaborate (Sr,B1c04) [89] and (VII) tetrastrontium tetradecaborate
(Sr4B140,5) [90]. Two of these phases crystallize in non-centrosymmetric space
groups, viz. I - Pmn2, and VII - Cmc2,. The main feature of all these structures
are BO, units (x = 3, 4). Isolated (IV) or flat pairs (III) of BO; triangles, a

framework of BO, tetrahedra with shared vertices (I, I1) and a framework of
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triangles and tetrahedra with shared vertices (V, VII) are found in these
structures. According to the phase equilibrium diagram SrB,O; congruently
melts at 994 + 10 °C [91]. SrTB crystals were not found to be hygroscopic
[92].

SrB4O; crystallizes in the orthorhombic crystal lattice with space group
Pmn2, (31). Its structure consists of an unusual type of borate framework
where all boron atoms are tetrahedrally coordinated. Three-dimensional borate
network constructs channels parallel to the a- and b-axis with Sr ions located in
these channels (Figure 4.1a). All the tetrahedra are connected to each other by
sharing corners (Figure 4.1b) and have the appearance of a layer-like
structure because there are comparatively few links in the c-direction. Four
independent O atoms can be divided into two groups: O(1), O(2) and O(3) are
linked to two B atoms with shorter O-B bonds (0.1416 — 0.1458 nm), while
O(4) is linked to three B atoms with longer O-B bonds (0.1536 — 0.1560 nm).
Although there are six-membered B—O rings in the borate network parallel to

(9

the b-axis, the rings do not belong to the ‘‘conjugated group’’ type (Figure
4.1c). The unusual feature is the occurrence of an oxygen atom common to
three tetrahedra. These triple-coordinated oxygen atoms are located in the
second coordination sphere of the Sr atom at a distance of 0.304 — 0.320 nm.
The [BO4] network builds channels parallel to a and b directions and strontium
ions fit into these channels. The nine nearest neighbor Sr-O distances are in the
range of 0.253 — 0.284 nm (Figure 4.1d). The 0.269 nm distance represents
only one interaction while the other bonds are repeated by mirror plane
building a monocapped square prism polyhedron. The actual coordination is
not clearly defined because there are additionally three more oxygen atoms in
the range of 0.304 — 0.305 nm. However, the fitted results of Sm-L; edge
EXAFS spectra give coordination number 9 [67]. Nevertheless, the Sr is

surrounded by 12 oxygen atoms giving low symmetry site. The shortest Sr-B

distance is 0.311 nm and the closest Sr atom is situated in 0.424 nm distance.
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Figure 4.1 (a) Unit cell of SrB4O; along the ¢ — axis; (b) Arrangement of boron
tetrahedral around triply coordinated oxygen, (c) Boron circle coordination around
Sr ion; (d) Local coordination geometry environment of S’ sites.

The size of the divalent lanthanide dopants is much more suitable than the

size of these ions in the trivalent state for a substitution of Sr>". From what is

known, it is thought that the lattice of SrB4O; does not provide an evident

charge compensation mechanism, which is necessary for a substantial

substitution of Sr*” by trivalent lanthanide ions [93].
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Figure 4.2 SrO-B,0;3 phase diagram [91]

4.2. Crystal Structure of La(Gd)MgBs0y

As proposed by Saubat et al. [94] lanthanide (Ln) magnesium meta borates
(LnMgB;s0,) possess interesting features like one dimensional Ln-Ln chains,
where intrachain interaction dominate interchain one. The lanthanide
magnesium meta borates corresponding to the formula LnMgBsO,, can be
obtained as an isomorphic series from lanthanum to erbium [94]. According to
single crystal X-ray diffraction studies [94, 95] the LnMgBs0O,, crystallize in
the monoclinic crystal system (Z = 4), space group P12,/c1 (14). Figure 4.3
shows a structure fragment of LaMgB;0,. The structure of LnMgB;0,, can be
easily described as a set of parallel (BsO;0)”, layers composed of three BO,
tetrahedra and two BO; triangles sharing corners. BO; planar triangles play
bridging roles between BO, tetrahedra. The three boron atoms are found in a
tetrahedral coordination, while only two have triangular surroundings. The
existence of BO3; and BO,4 borate groups in the structure is also supported by
infrared spectroscopy [95]. The bonding between boron and oxygen is strongly
covalent in the anionic complex species and it has been concluded that the
bonding between lanthanide and oxygen should be predominantly of ionic

character [96]. Six-fold coordinated magnesium and 10-fold coordinated
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lanthanide ions connect anionic sheets parallel to 102 plane direction. Average
Ln-O distance is 2.611 A (shortest — 2.3979 A, longest — 2.9610 A) for
lanthanum [94] and 2.529 A (shortest — 2.2994 A, longest — 2.9260 A) for
gadolinium compounds [95]. Lanthanide ions have only one site with
symmetry not higher than C; [96]. The Ln atom has 10-fold coordination with
eight normal distances, one shorter and one longer distance. It is surrounded by
three boron triangles and three boron tetrahedra with which the Ln atom shares
either edges or corners, as shown in Figure 4.3a. The (LnO;)'" polyhedra
form zigzag chains along the b axis, where the intrachain Ln-Ln distances are
3.9940 A for La (3.9583 A for Gd) whereas the corresponding interchain
distances are noticeably longer, i.e. 6.4340 A and 6.2633 A for La and Gd,
respectively (Figure 4.3c¢c and d). These distances conclude that Ln-Ln
interactions in this type of structure exist substantially inside the chain.
Similarly, the Mg atom has six-fold coordination with four normal and two
slightly longer distances, and two neighboring Mg atoms form a sort of

dimmer, sharing the two oxygen atoms O(2).
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Figure 4.3 (a) Fragment of LaMgB;sO; structure along the b — axis (unit cell is
indicated), (b) Arrangement of boron tetrahedral and triangles along the ¢ — axis; (c)
Local coordination geometry to oxygen of La’" sites; (d) Local coordination
geometry to oxygen of Gd** sites.
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Figure 4.4 Phase diagram for the boron-rich part of the La;03-(MgO),-B,0; system.

A portion of the La,0;-MgO-B,0; diagram is shown in Figure 4.4.
Attempts to prepare LnMgB;0,, phase with smaller lanthanides by modifying
the preparation temperature were unsuccessful. Melting points for some

LnMgBs0,, phases are: La — 1110, Nd — 1075, Eu — 1055, Er — 1020 °C. The
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variation of melting points indicates a decrease in the stability of the structure

when the lanthanide ion shrinks [94].
4.3. Crystal Structure of Sr;Al;,O,5

The crystal structure of SryAl;40,5 (4SrO-7A1,03 or S4A7) is orthorhombic
with space group Pmma (51). Sr4Al;40,5 consists of layers made up of AlO¢-
octahedra separated by a double layer of AlO,-tetrahedra. The octahedra are
connected together by sharing one edge, whereas the tetrahedra are connected
by corner sharing, two by two or three by three, resulting in the presence of
tricoordinated oxygen atoms and tetrahedra triclusters (Figure 4.5a) such as in
CaAl,O; [97], SrAl407 [98] and mullite [99]. There are six different
crystallographic sites for the aluminum atoms in the structure: three AlOg
octahedral sites and three AlO, tetrahedral sites. According to the structural
data, two different strontium sites with coordination numbers 10 and 7 exist in
the Sr;Al;4055s. The Srl site lies in the complicated oxygen-polyhedron with
average Sr-O distances = 0.284 nm (Figure 4.5b), while for the Sr2 site
distances are shorter (= 0.258 nm) (Figure 4.5¢) [100, 101]. Because the
radius of Sm*" (CN =7 — 0.122 nm; CN = 10 — 0.137 nm) is very similar to
that of Sr** (CN =7 — 0.121 nm; CN = 10 — 0.136 nm), it is assumed that
Sm*" replace Sr**. Considering Sm*" affinity to occupy high CN sites, it can be
predicted that Sm*" remains mainly in Srl sites (CN = 10). Nevertheless, two
types of Sm*" ions in the Sr,Al140,5 crystals could be expected. Moreover, the
interactions between oxygen and strontium ions at the 10-fold coordinated site
are weaker than at 7-fold coordinated site. One can assume that the covalence
and crystal field effects are stronger for 7-fold coordinated site than for the 10-
fold site.
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Figure 4.5 (a) Unit cell of Sr,Al;,0,5 along the ¢ — axis and local coordination
geometry environment of nonequivalent Sr** sites: (b) CN = 7; (c) CN = 10.

Despite large similarities with their calcium counterparts, strontium
aluminates have received less attention and many uncertainties concerning the
phase diagram still remain [102, 103]. When identifying the crystalline phases
present during the synthesis of strontium aluminate, via solid-state method
using aluminum hydroxide and strontium carbonate, a secondary phase,
referred to as strontium aluminum oxide hydroxide (SrAl;05(OH)), was always
present. In fact, this compound was SrsAl140,5 (S4A7), not reported in the
phase diagram. It was identified by Wang et al. [104, 105], who synthesized it
by solid-state reaction at 1300°C. They found that this compound was identical
to the sample processed by hydrothermal synthesis [106]. The formation and
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crystallization of S4A7 from amorphous precursor is confirmed and studied by
differential scanning calorimetry (DSC), X-ray diffraction (XRD) and *’'Al
nuclear magnetic resonance (NMR) spectroscopy [107]. SrsAlj4Op5 was
formed through two exothermic peaks. The first one, at 923 °C, corresponded
to the crystallization of two metastable solid solutions, y-Al,O3 and hexagonal
strontium monoaluminate SrAl,O,4 (SA). The second one, at 1134 °C, induced
the reaction between these two metastable phases to yield pure S4A7. This
compound was stable up to 1500 °C; after holding at this temperature for 15 h
no sign of decomposition was noted. At higher temperatures it decomposed
into mono-aluminate (SA) and di-aluminate SrAl,O; (SA2), the latter
decomposes into SA and SrAl;0,9 (SA6). Studies have shown that SrAl,O,
and Sr,Al 40,5, having close compositions, should not coexist. Their respective
domains of stability exclude each other [108].

In Figure 4.6(left) is proposed a modification of a part of the SrO-Al,O4
phase diagram after Massazza [1] (Figure 4.6(right)). It introduces S4A7
with its domain of stability, closely related to that of SA2. Because of its low
kinetics of formation, SA2 may crystallize at 900 — 1000 °C, either directly or
via hexagonal SA and y-Al,O3; metastable solid solutions. As the temperature is
raised (>1100 °C), SA2 becomes metastable, and only S4A7 will crystallize.
This compound is stable up to 1500 °C. At higher temperature, S4A7
decomposes into SA and SA2. The latter compound, being unstable at elevated
temperature, also decomposes into SA and SA6. At higher temperature, there is
again a narrow stability domain for SA2, close to its melting point. On cooling
from the liquid state, if the solidification occurs in that high-temperature
stability domain only SA2 will crystallize, while by too rapid quenching, at
least a part of the solidification will occur out of this stability domain and it
will result in a mixture of phases. The symmetrical behaviors for crystallization
from amorphous precursors at low temperature and from liquid at very high
temperature should be noted. Low heating or cooling rates produce pure SA2

while too rapid kinetics results in mixtures of phases.
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Figure 4.6 SrO-A1,0; phase diagram (left) and modification of a part of the SrO-
ALO;s phase diagram (right) showing the closely related domains of stability of SA2
and S4A47. Pure SA2 may be obtained by slow crystallization of an amorphous
precursor at 900 — 1000 °C or by slow cooling from the liquid state.

Chang et al. investigated boron oxide influence on Sr;Al;4O,5 phase
formation. TEM images showed that the grain sizes of the both samples, with
and without boron oxide, are similar. However B,0O; aided ceramics were fully
densified at 1400 °C, while micropores were observed in the microstructure of
the ceramics without B,O; addition. The introduction of B,O; can form liquid
phase at a relatively low temperature. This liquid phase can greatly promote
the phase formation and reduces the sintering temperature. With the help of
B,0;, single phase Sr;Al;40,5 ceramics were obtained at 1400 °C, while higher
temperature is required in the case of ceramics without B,0O; addition.
Furthermore, TEM observations indicated another important role of B,O3; of
removing the micropores on the grain boundary during the sintering process.

Moreover, there are reports that boron reacts with aluminate and replaces
aluminum in the structure. The obtained data showed the presence of
substituted BO,4 units in strontium aluminates, which retained even after acetic
acid washings. BO, participates in the formation of superstructural units by

breaking of O-Al-O and form Al-O-B bonds. B,O; starts reacting with
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SrAl,O,4 and facilitate conversion to SryAl;40,5. Therefore, it can be concluded
that B,O; does not act as an inert high temperature solvent medium (flux); it
actively participates in reactions and depending upon B,O; concentration,
different phases are stabilized of which evidence are the formation of the
compounds SrAl,O,, SryAl 40,5 and SrAl,O49. The final product is dependent
on the SrO/Al,05/B,0; ratio [109].

4.4. Crystal Structure of SrAl;;0,9 and LaMgAl;;O19

Hexaaluminates with the magnetoplumbite crystal structure have been
receiving considerable attention, because of their diverse applications, in
particular, as luminescent and laser host materials.

B-Alumina and magnetoplumbite structures resemble each other. They
consist of spinel blocks separated by intermediate layers containing large
cations. The main differences between the two exist in the intermediate layer
(mirror plane). In the magnetoplumbite structure, the intermediate layer of a
single unit cell contains a large cation, an Al ion, and three oxygen ions
(Figure 4.7); in the B-alumina structure, it contains only a large cation and an
oxygen ion. The differences in composition of the intermediate layer result in
different overall compositions of B-alumina and magnetoplumbite. The latter
has the overall formula AB;,O;9 and B-alumina has the overall formula
CB;,0;9 with B = Fe3+, Ga3+, or Al’. In general A is a large divalent metal ion
and C is a large monovalent metal ion with respect to the size of the B ions. It
is also possible that A is a large trivalent ion and C is a large divalent ion,
resulting in defect type structures.

Dimensional relations between the sizes of A and B ions have to be
considered. The larger the ions in the B-sites, the larger must be the ions in the
A-sites. In aluminates (B = AI’, r = 0.0535 nm [110]) the magnetoplumbite
type structure appears when A = Ca®", Sm*", Eu*", Sr*" and Pb®" [111]. These
dimensional relations are related to the c/a ratio of the unit-cell: the size of the
c-axis depends strongly on the size of the A ion and the size of the a-axis

depends mainly on the size of the B ion. For the magnetoplumbite type
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structure the c/a ratio must be in the range of 3.91 (ideal structure) to 3.97
(strongly distorted structure) [111].

The composition for an ideal magnetoplumbite phase based on alumina is
MAI;,0;9 (Where M is typically an alkaline earth such as Sr or Ca) which has a
hexagonal structure, with space group P6;/mmc (194). The unit cell parameters
are: a=0.56581, b =0.56581, ¢ =2.16676 nm, a. = 90, f =90, y = 120° [112].
The unit cell is composed of spinel-structured slabs containing Al’" cations
separated by mirror planes, which contain one Sr** and three oxygen ions per

unit cell (Figure 4.7).

(@

Spinel block

AN

Spinel block

Figure 4.7 (a) Nomenclature of the atomic positions in magnetoplumbite structure,
(b) coordination polyhedra of aluminum in the structure, (c) Sr’* coordination
polyhedron.

It has been found that alumina-based magnetoplumbites exhibit a
nonstoichiometry which origin obviously lies in the defect structure of the
material. The large divalent cation can be replaced completely by a trivalent
cation such as La’" or other rare-earth species with compensation by a different
cation such as Mg”>" substitution for A’ in the spinel blocks. Due to the
complexity of the basic crystal structure, however, the knowledge of the
intrinsic defect structures available from experiment is quite limited. For

instance, the distribution of Mg or other small cations over the possible Al sites

51



has not been determined conclusively; in fact several different schemes have
been proposed [20].

The magnetoplumbite-structured SrAl;;0;9 may be expected to
accommodate diverse luminescence properties because of the variety of
crystallographic sites within the unit cell. The structure is composed of spinel
blocks, which have the usual 4 and 6 coordinated sites for cations, whereas the
interspinel layers have rather unusual 5-fold sites for small cations. The
interspinel layers also provide 12-fold sites to accommodate large cations,
which may be monovalent, divalent, or trivalent. Charge is balanced either in
the interspinel layer (i.e., Nags + Lags) or in both the interspinel layer and the

spinel block (e.g., La and Mg replacing Sr and Al, respectively).
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Chapter 5. Experimental
5.1. Methods of Preparation

In general, almost all phosphors are synthesized by solid-state reaction
between raw materials at high temperatures. The high purity materials of host
crystals, activator and fluxes are mixed and blended to get homogeneous
mixture. Then the mixture is fired at high temperature in a container. The fired
product is then crushed, milled and then sorted to remove coarse and
excessively crushed particles.

For combustion synthesis method, firstly, metal salts are dissolved in
distilled water and heated to 65 — 75 °C; if necessary additionally HNO; is
added to prevent hydrolysis of metals. Secondly, under continuous stirring,
complexing agents and fuels are added and solutions are stirred for an
additional 1h at the same temperature. Subsequently, after concentrating the
mixtures by slow evaporation, sols are turning into transparent gels. Then the
temperature is raised to = 250 °C the self-maintaining gel combustion process
starts, which is accompanied with evolution of huge amount of gases. Finally,
the resulting products are dried in the oven for several hours at 120 °C and
ground to fine powders, which follow preheating and annealing steps. For
annealing under reducing atmosphere, high-temperature tube furnaces with
continuous gas flow were used. For mild reduction active carbon was used (CO
atmosphere), by placing small crucible with sample into bigger vessel with

carbon in it and closing with lid.
5.2. Chemicals

The starting materials were Sm,0O3 (99.9 % Alfa Aesar), La,O3 (99.9 %
Treibacher), Gd,0; (99.9 % Treibacher), MgO (99.95 % Alfa Aesar), SrCO;
(299.9 % Aldrich), nano-scale Al,O; (Evonik Industries), NH4CI (299.5 %
Alfa-Aesar), AlF; (reagent grade, Aldrich), H;BO; (>99.5 % Merck). For
combustion synthesis the gels were prepared using Sm(NO;);:6H,0 (99.9 %
Aldrich), Sr(NOs), (>99 % Aldrich) and Al(NO3);-9H,0 (=98 % Aldrich).
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Tris(hydroxymethyl)-aminomethane (tris-amine) or ethylenediaminetetraacetic

acid (EDTA) were used as complexing agent and fuel.
5.3. Materials Characterization
5.3.1. Powder X=ray Diffraction

X-ray diffraction (XRD) uses the pattern produced by the diffraction of X-
rays through the lattice of atoms in a material to reveal the nature (symmetric)
structure of that lattice, which usually leads to an understanding of the
structure of the material. The X-ray photons physically interact with the
electrons that surround the atoms. X-rays scattered from a crystalline solid can
constructively interfere, producing a diffraction pattern. This technique works
because in a crystalline material the inter-atomic distances are of the order of
the wavelength of X-ray radiation (10° m). As a result, X-ray radiation is
diffracted by the electron clouds in the crystal structure. This gives diffraction
maxima, which are dependent on the type of atoms, their spacing and
distribution. The X-ray diffraction technique, therefore, is not a technique that
produces images. However, the electron density can be reconstructed using the
diffraction pattern, which is obtained from a periodic assembly of units in the
crystal. A model can be preliminarily created using obtained data. Then
calculated diffractions can be compared with observational data, to finally
elaborate an accurate unambiguous 3D physical structure of the material.

Powder X-ray diffraction analysis has been carried out employing a
Rigaku MiniFlex II diffractometer working in Bragg—Brentano (6/20)
geometry. The data were collected within 26 angle from 10° to 60° at a step of
0.02° and integration time of 1 s using Ni-filtered Cu K, line.

5.3.2. Spectroscopic Investigations

It 1s a very well known fact, that interaction of electromagnetic radiation
with matter causes absorption, emission, and scattering of radiation. As a result
of this interaction, it is possible to characterize the optical properties of

materials by measuring the properties of electromagnetic radiation. The most
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classic experiments in spectroscopy are concerned with the determination of
the transition energies of the optical center [113]. So called transition
"energies" are commonly expressed in terms of energy (eV), frequency v (s™)
or o (rad s), wavelength A (nm), or wavenumbers ¥ (cm™). Physical
magnitude measured is an intensity of electromagnetic radiation as a function
of photon energy. A graph that plots the intensity versus photon energy is
called a spectrum, and peaks (or dips) in the spectrum reveals the locations of
optical transitions.

Four techniques are commonly used for this kind of experiments:
absorption spectroscopy, diffuse reflection spectroscopy, luminescent
excitation spectroscopy, and emission spectroscopy. In absorption
spectroscopy the photon energy of the radiation incident on the sample is
selected by a scanning monochromator. Absorption spectroscopy is used to
measure the transmitted signal for transparent (non-scattering) samples such as
single crystals or solutions. An alternative for strongly scattering materials,
such as polycrystalline powders, is diffuse reflection spectroscopy. The
difference in set-ups for absorption and reflection spectroscopy is in the
detection compartment. When diffuse reflection spectroscopy is used, the
backscattered signal is detected and compared to the back-scattered signal from
a reference material. Excitation and emission spectroscopy have very low
background levels and a much higher sensitivity. It is used in combination with
samples containing very small quantities of luminescent species. Absorption
and diffuse reflection spectroscopy have much larger background and noise

levels and are used for more concentrated samples.
5.3.3. Room Temperature Spectroscopy

In the case of the excitation spectrum the plot is actually an absorption
spectrum which is obtained by monitoring the luminescence at a specific
wavelength (at the peak of emission). The excitation spectrum is a replica of
the absorption spectrum of the same ion but the position of the energy levels in

excitation spectrum is determined by monitoring the intensity of emission, not
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by the intensity of radiation passed through the sample as in absorption
spectrum. The wavelength of excitation is varied by scanning the excitation
monochromator for fixed emission wavelengths. By this means the upper
energy levels of the luminescent centres (or ions) are revealed, even when
these levels are non-radiatively relaxing on to the lower excitation level
involved in radiative emission. Consequently, the excitation spectrum is used
to locate the energy levels of the excited states. Depending upon the absorption
cross section of the excitation bands the intensity of the emission varies. From
the excitation spectrum the region of luminescence can be determined, as also
the energy levels of the ions in the host lattice. In the monochromator, white
light from a xenon lamp is collected by an elliptical mirror and directed to the
entrance slit. Then the light is dispersed through the grating and then is
directed to the exit slit of the monochromator (for excitation). A specific
wavelength is selected by the monochromator from the incoming light. The
entrance and exit ports (or silts) of the spectrometer and the monochromator
are adjustable. These are computer controlled slits. To be able to detect the
lamp profile of the output beam, a photodiode is used. The slits of the
monochromator determine the amount of monochromatic light that is used to
illuminate the sample. The spectrometer slits, on the other hand, control the
intensity and resolution of the fluorescence signal that is detected by the
photomultiplier tube (PMT). Eventually the PMT signals are amplified and
processed. By monitoring at different fixed emission wavelengths, complete
knowledge can be defined about the upper energy levels involved directly or
indirectly in the luminescence process.

For the emission spectrum the luminescent centre or the activator ion in a
phosphor that has passed to the excited state returns to the ground state through
either radiationless transitions or by way of emission transitions. Emission
transition is detected as a glow of the materials and registered in the form of a
band in the luminescence spectrum. The position of the band in the
luminescence spectrum of the ion does not depend on the method of excitation

it is only determined by the inter-level spacing. In the diagram of energy
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levels, however, there can be several emission levels, and transitions from each
one of them can not only be to the ground state, but also onto the intermediate
levels. The ground state can be split into sublevels and then transitions from
each emission level will be onto the ground state sublevels. This can result in
the appearance of complex luminescence spectra consisting of many bands and
are characteristics of trivalent lanthanide ions.

Excitation and photoluminescence spectra were measured at room
temperature using an Edinburgh Instruments FSL900 fluorescence
spectrometer. This spectrometer consists of a light source (a Xe lamp), slits, a
monochromator, sample compartment, reference detector (photo diode), a
spectrometer and a signal detector (PMT). The main advantages of using a
photomultiplier are that the spectra, which are in this case recorded in photon
counting mode, can be easily corrected for the technical response function of
the setup. In addition, time resolved luminescence spectroscopy is fairly easy
realized. Photoluminescence describes the process in which energy is emitted,
in form of light, from a material at a different wavelength under excitation of a

light source at which is absorbed by the sample.
5.3.4. Specific Issues Concerning FSL900

In the measurements of luminescence spectroscopy with Edinburgh

Instruments FSL900, the following issues have to be addressed:
a) Second order diffraction interference of the pump wavelength.

The diffraction relation of a grating is known to be:
dsin® = n4,

where d is the spacing of the adjacent ruled grooves of the grating, n — order of
the diffraction and @ — angular direction of the diffraction.

When the spectrometer is scanning, the sin @ changes until the required
wavelength of the signal is sent to the exit slit. It can be noted, that for the first

order case, with wavelength A, the signal will be overlapped with the second
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order of wavelength A/2. To avoid this problem a cut-off filter is used between
the sample and the entrance slit of the spectrometer.

For example, if it is used 360 nm Xe lamp radiation to pump the sample
and attempting to measure the emission in the spectral range of 500 — 900 nm,
the second order of the pump light (360 nm) will appear at the wavelength 720
nm. Without a cut-off filter, which is blocking the 360 nm pump light, this
light will give a huge peak at 720 nm. This will not only make the scan failed,
but also gives the risk of damaging the PMT.

b) Interference of the lamp background.

It is known that all the optical devices inside the instrument can produce
strong diffuse scattering of the lamp output. Because the lamp illuminates the
internal chamber of the monochromator, the light output is always mixed with
the background of the lamp. In other words, sample that has a weak emission
will have an emission spectrum mixed with a lamp profile in the background.
In order to reduce this interference, a UV band-pass filter can be used. This
filter only allows the excitation light with selected pump wavelength to reach
the sample and rejects the rest of the lamp background, which interferes with

the fluorescence measurement.
¢) Normalization of excitation spectrum for lamp profile.

The output of the xenon lamp is obviously a function of the wavelength.
Therefore, a normalization of the excitation spectrum needs to be made. The
relationship of the measured luminescence intensity of the sample [I(A)], the
absorption [A(A)], the spectral response of the monochromator [M(A)] and the
pump power of the lamp [L(A)] is given by:

I(A) = M(A) A(A) L(A).
From this relation we can obtain the excitation (absorption) spectrum:

1) = I(A) X correction(}) = IO\),

AW = mooL ) R,
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were I(A) is the luminescent intensity measured by the PMT of the
spectrometer and R, — corrected lamp signal detected by the photodiode of the

monochromator unit.
d) Correction for Instrumentation spectral response.

The instrument (fluorescence) sensitivity varies with wavelength due to the
fact that in the spectrometer unit diffraction efficiency of gratings, refractive
indexes of lenses and the spectral response of the PMT — all depend on the
wavelength. Therefore, the spectrum measured can be distorted. The
wavelength dependence of the instrumentation is called the instrumentation

spectral response, and has to be corrected. Mathematically it will be
S(A) = EQ)R(),

where S is the measured emission signal, E — real emission spectrum and R —
instrumentation spectral response. Then the real emission spectrum of the
materials is:

SO

EQ) = 2y = SGICO).

The correction factor of the spectrometer,

1s pre-measured using a standard light source and is stored in a file called the
correction function. Before emission spectra analysis the raw data is corrected
by correction file.

The steady state luminescence spectra in the ultra-violet (UV), visible
(VIS) and near-infrared region have been recorded on Edinburgh Instruments
FSL900 fluorescence spectrometer equipped with 450 W Xe arc lamp, mirror
optics for powder samples and cooled (—20 °C) single-photon photomultiplier
(Hamamatsu R2658P). The photoluminescence emission spectra were

corrected by correction file obtained from tungsten incandescent lamp certified
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by NPL (National Physics Laboratory, UK) and excitation spectra were
corrected by reference detector. Reflection spectra were recorded on the same
model spectrometer equipped with integration sphere (150 mm diameter,
BaSO, coating). The integrating sphere is built in the way that the incoming
light ray is reflected equal in every direction so that the light intensity is the
same in each point of the sphere. BaSO,4 (99 % Sigma-Aldrich) was used as a

reflectance standard.
5.3.5. Low Temperature Spectroscopy

For temperature dependent measurements a cryostat “MicrostatN” from
Oxford Instruments had been applied to the Edinburgh Instruments FSL900
fluorescence spectrometer. The cryostat cooled with liquid nitrogen. The
nitrogen is kept in a reservoir near the cryostat. Quartz window give optical
access to the central sample chamber in which nitrogen are continuously
pumped under the sample. The sample is mounted on a thermally conducting
cold boat, which is cooled by the nitrogen. Thermocouple inside the sample
chamber measures the internal temperature. To prevent condensation of
humidity, the chamber were evacuated with vacuum pump. This setup provides
the possibility to cool samples to liquid nitrogen temperature (77 K).
Additionally, installed heating elements allows to heat sample above room

temperature. Measurements were carried out from 100 to 500 K in 50 K steps.
5.3.6. Lifetime Measurements

Excited states of an atom or ion correspond to a higher energy than the
ground state. These excited electrons eventually decay to the ground state. In
nature, the majority decay processes can be well described by an exponential

function:

—t
I(t) =1, exp (—),
T
where I, is the initial fluorescence intensity immediately after the excitation

pulse. In practice, the fluorescence decay time (t) is defined as the time in

which the fluorescence intensity decays to 1/e of the intensity immediately
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after excitation. Fluorescence decay can be multi-exponential, leading to
complex decay curves. In general, an exponential growth or decay process is

expressed in mathematical terms as follows:
4
=t
R(t) = A+ ZBieTi,
i=1

with pre-exponential factors B;, the characteristic decay times 1; and an
additional background A. R(t) is often called the sample decay model. The
characteristic lifetimes 1; are the most important decay parameters. They are
specific for different decay processes and express the time it takes to decay
from the beginning of the decay to a level of about 37 % of the original value.
It is a theoretical expression for the response of the sample to an infinitely
short excitation. The parameters B and T are extracted from the raw data by a
numerical fit starting from the top of the decay curve. The expression above
contains four exponential terms. Many measurements contain only one or two
terms. On the other hand, samples can theoretically contain many more
lifetimes and can even be so complex that a lifetime distribution analysis
would be justified. However, practically all real lifetime measurements can be
approximated with no more than four exponential terms. Often, careful
experimental planning and clean practice can reduce the number of exponential
terms. Most radiative decay times, determined in this work, contain only one
term, however, some are bi-exponential.

The pre-exponential factors B; are values, which include technical
(instrumental) parameters and sample parameters. Used in relative terms, they
are still valuable sample parameters. In a multi-component system, for
instance, the concentration ratio of the individual components can be
determined. In absolute terms, the B; values are also affected by instrumental
parameters like efficiency of the system, geometrical conditions of the sample,
intensity of the excitation source, etc. These instrumental parameters can
increase or decrease the measured sample signal, which effectively will result

in an (simultaneous) increase or decrease of the B; values.
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The numerical procedure behind the search for the best B; and t; is the
Marquardt-Levenberg algorithm. This is an iteration procedure which searches
for the best B; and t; by a controlled and directed minimisation of the

“goodness of fit”, xf,, which is defined as:
Xy = Z wi (Xi — Fi)?,
k

where X — fit result data, k is the index for the individual data points to be
fitted, the sum expands over all these data points, the wy are the weighting
factors for the individual data points. Using the correct weighting factors for a
specific set of raw data is important. The correct type of weighting factors is
determined by the type of noise specific to the data and hence is inherited from
the method which was used to collect the data. For lifetime data acquired by
gated single photon counting (MCS), which obey Poissonian noise statistics,

which has the well-defined weighting factor for each data point (Fy) of

we=1/

In this work the “Tail Fit” (Marquardt-Levenberg algorithm) routine was
applied, where sample response function X(t) is identical to sample decay
model R(t). This routine is only applicable for data are fitted in a region with
no further sample signal generation; moreover, the “Tail Fit” procedure
eliminates the statistical noise from the raw data.

Lifetimes were measured with an Edinburgh Instruments FL920 lifetime
spectrometer (single photon counting) equipped with an Edinburgh Instruments
uF900 flash lamp and a Hamamatsu extended red sensitivity photomultiplier

tube. Data acquired in gated single photon counting (MCS) mode.
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Chapter 6. Photoluminescence Properties of Sm”" in SrB,0;
6.1. Experimental Details

Samarium-substituted strontium tetraborate (SrB,O;, SrTB) samples were
synthesized by the traditional solid-state method, which is based on the
interaction of boron oxide and strontium (samarium) oxide at high temperature
(~900 °C). Initial materials were Sm,0O3 (99.9% Alfa-Aesar), SrCO; (>99.9%
Aldrich) and H;BO; (299.5% Merck). The 5 wt% excess of boric acid were
added due to preferential evaporation of boron oxide. The series of Sr;.
Sm,B40; samples with x = 0.001, 0.005, 0.010, 0.025, 0.050 and 0.100 were
prepared, corresponding to 0.1, 0.5, 1.0, 2.5, 5.0 and 10.0 % of samarium
substitution, respectively. The selected amounts of raw materials were
thoroughly ground in an agate mortar (acetone was used as medium) and then
preheated in a furnace at 600 °C for 2 h in air. Subsequently, the reground
powders were repeatedly sintered in three steps ([I], [II] and [III]) for 8 h at
900°C in air, with intermediate grinding. Body color of obtained materials
ranged from pale orange (barely visible) to intense red as a function of
substituted samarium concentration.

Excitation (excitation slit 0.2 nm and emission slit 2.0 nm) and emission
(excitation slit 5.0 nm and emission slit 0.2 nm) spectra were recorded in the
ranges of 250 — 640 and 500 — 900 nm (step 0.25 nm, dwell 0.20 s),

measurements were repeated once.
6.2. Data analysis and Discussion

Figure 6.1 present the XRD patterns of 0.1 % samarium substituted
strontium tetraborate phase evolution against the annealing steps. After the first
heating at 900 °C for 8h in air (Figure 6.1a) the blend of three different
strontium borates appears. The major phase is orthorhombic SrB4O;
(ICDD#04-006-8398) and two minor phases, orthorhombic SrB,0O, (ICDD#04-
010-0838) and SrB¢O,, are indentified. For latter one there is no assigned file
number and this record stands under asterisk doubtful. Nevertheless, this is

only one reasonable assignment for examined pattern. After second annealing
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at 900 °C for 8h (Figure 6.1b) the same impurity phases are still detected with
substantially lower peak intensity. The third annealing under the same
conditions brings the pure strontium tetraborate phase (Figure 6.1c). It is
worth to mention that impurity phases still remain after direct annealing for 20
h at 900 °C of preheated SrTB mixture. This leads to the conclusion that
intermediate grinding facilitates SrTB formation. Influence of samarium
concentration on Sr;,Sm,B,O; phase purity is shown in Figure 6.2.
Replacement of up to 2.5 % of Sr by Sm has no detectable influence (Figure
6.2a) on strontium tetraborate phase purity. However, 5.0 % substitution leads
to the sample with small fraction of additional phase (Figure 6.2b) of
monoclinic SmB;04 (ICDD#04-010-0838). Consequently, the increase of
samarium concentration to 10.0 % results in the blend (Figure 6.2c¢) of

substituted SrTB and SmB;0s.

(c) Srﬂ,WQsmﬂ,ﬂNBAo?
—[Il] 900°C, 8h, air
——SrB,0,
PDF-4+ (ICDD) [04-006-8398]
T T v T ' ) ' '
(b) Srﬂ,&?QSmﬂ,OOIBAc,?
——1I] 900°C, 8h, air
. ——=SrB,0,
g PDF-4+ (ICDD) [04-006-8398]
i * srB0,
: PDF-4+ (ICDD) [04-009-3732]
N
i o SrBO,
E
o
2 *
_____;_J oo Jlx
\ | ) A 1 Pa bt L
: : - . . T T T T
(a) sro,ssssmu,umBon
——[1]900°C, 8h, air
~—S8rB,0,
PDF-4+ (ICDD) [04-006-8398]
* SrBO,
PDF-4+ (ICDD) [04-009-3732]

T t v T T
10 15 20 25 30

Figure 6.1 XRD patterns of Sry.999Smg.001B+O7 prepared by solid-state method and
repeatedly annealed at 900 °C for 8h in air: (a) [1], (b) [11], (c) [11I].
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Figure 6.2 XRD patterns of the samples annealed for the third time [1II] at 900 °C for

8]’1 in air: (Cl) Sl"(),975Sn’l(),()25B407, (b) Sl’o,ngmo,05B407, (C) SI’(),QSI’I’I(),]B407.
6.3. Influence of Samarium Concentration on Luminescence

Properties

Luminescence data for Sr;_,Sm,B,O; samples with x = 0.001, 0.010 and
0.100 (for clarity only emission for 0.100 is given) recorded at room
temperature are shown in Figure 6.3. Emission spectra contain groups of
intense narrow lines in the range from 680 to 830 nm, which are attributed to
intraconfigurational 5DO — F ; transitions (J = 0, 1, 2, 3 and 4) arising from
Sm®" ion. The emission spectra are dominated by the single Dy — ’F,
transition at 685.5 nm (14588 cm™) pointing to the single site occupation
without inversion symmetry. Set of peaks situated at 695.3, 698.8, 704.8 nm
(14383, 14311 and 14189 cm™) are assigned to D, — ’F; transition. Three
peaks demonstrate the completely lifted degeneracy of the 'F; energy meaning
that the Sm”" ions are located in sites with C,, or lower symmetry [18]. Next
four peaks at 722.0, 724.0, 727.0 and 733.5 nm (13850, 13812, 13755 and
13633 cm™) belong to Dy — 'F, transition. To determine precisely the site
symmetry, measurements at lower temperature and better resolution are

necessary since there might be additional unresolved peak in vicinity of the
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four detected peaks attributed to the 'F, state. Due to low intensity, next sets of
spectral features are difficult to resolve unambiguously. Nevertheless, peaks at
761.5 and 766.5 nm (13128 and 13046 cm™) are assigned to "Dy — 'F;
transition and 802.3, 811.0, 813.8, 817.3 and 820.8 nm (12465, 12330, 12289,
12236 and 12184 cm™) to °Dy — 'F, transition.
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Figure 6.3 Room-temperature excitation, emission and diffuse reflection spectra of
Sr1:SmB4O7 (x = 0.001, 0.010 and 0.100) samples annealed at [III] 900 °C for 8 h
in air (for clarity only emission for 0.100 is plotted). In inset part of enlarged
emission (550 — 680 nm) spectra is given.

Measurements of samples with different Sm®" concentration revealed a
strictly linear dependence of the emission intensity on concentration, even up
to the highest doping levels. No saturation effects could be found. Moreover,
the line shape, too, did not show any dependence on the Sm*" concentration.
The line shape in emission spectra for all samples was narrower and more
expressed at lower temperatures. An average decrease in full width at half
maximum (FWHM) for all peaks were 10 — 15 cm™, except zero phonon line
(’Dy, — 'F,) where no broadening detected. No peak shifts were detected even

at highly substituted samples probably due to insufficient measurement

resolution.
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The weak peaks at the sides of Dy — 'F, transition (Figure 6.3), 680.8
and 690.0 nm (14690 and 14493 cm™), are ascribed to the vibronic emission
transitions, denoted as v and v’, respectively. The energy displacement with the
zero-phonon line Dy — F, is about 98 cm™. With higher temperatures
intensity of those two lines increase indicating that it is a vibronic (electron-
phonon coupled) transition (/nset (II) in Figure 6.5). The vibration involved
is probably coupled from low energy Sm-O vibration [114]. The reflection
spectra mimic excitation data showing absorption of two broad bands in the
range of 550 — 450 and 440 — 350 nm. In the spectrum with the highest
substitution level, the Sm’" absorption line at 403 nm is clearly visible.
Reflection represents linear relationship between Sm*" concentration and
increase of samples body color intensity. In the low energy part of the
excitation spectra (17200 — 21700 cm™) the band with shoulder could be
distinguished, the main peak is designated as the SmB band and the satellite as
the SmA band [115]. The SmA band should be regarded as the first f-d
transition with the weak intensity attributed to the forbidden nature of the
transition. Inset in Figure 6.3 provides zoomed part of emission spectra
between 550-680 nm, where residual Sm*" emission (4G5/2 — 6H5/2, 6H7/2 and
®Hy),) is visible. Despite the best suitable excitation wavelength for trivalent
samarium (g, = 403 nm) used; only traces of Sm®>" emission were detected.
Ratio of Sm®" emission intensity and v’ vibronic line (Figure 6.3(inset))
remains the same for whole series of samples. This observation suggests the
efficient Sm*” emission quenching, because excitation and reflection spectra
clearly indicates presence of trivalent samarium in the investigated samples
(absorption at 403 nm). Presence of Sm’" absorption line for highly doped
SrTB is also justified by phase purity (Figure 6.2c).

6.4. Luminescence and its Temperature Effects on Sm?*

Temperature dependent excitation spectra of Sty 99Smg ;B4O7 are shown in
Figure 6.4, data were collected monitoring the emission intensity of Dy —

’F, transition (685.0 nm). Generally, spectra of Sm®" systems display broad
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bands in spectral range of 250 — 550 nm corresponding to the
interconfigurational 4f® — 4f°5d' transition, presenting two split components
peaking at around 330 and 500 nm. To describe spectra qualitatively a
superposition of the multiplet structure of the 4f° core and the 5d' crystal-field
levels may be applied. 5d levels, in low symmetry site, can split into maximum
five components which can couple with 4f°(°H,) and 4f£°(°F)) core electron
substates. More exact assignment could be overwhelming due to broad and
unresolved distribution of transitions, even measured at 100 K. However,
several sharp features are also present in the vicinity of the broad f-d band at
lower energy part of SmB band (18957 — 19056 cm™) and at higher energy
(21008 — 21108 cm™) side. Part of this structure remains clearly visible even at
higher temperature indicating its f-f origin. It is derived from excited state of
°D, and °Dj; levels, respectively. These levels are allowed to interact with
4£°5d" states having the same symmetry. In case of strong interference effect,
however, only the 5d levels terminating the electric dipole transitions from the

ground state should be considered [37].
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Figure 6.4 Temperature dependent excitation data for SrpgoSmoB4O; sample
annealed at [III] 900 °C for 8 h in air, monitored at Ag, = 685.0 nm (for clarity plots
for 150 — 350 K are omitted).
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Temperature dependent emission spectra of Srgg9Smg g;B4O; are shown in
Figure 6.5 (Agx = 360 nm). It is necessary to mention that shape and peak
intensity distribution is alike in all the samples. There are no trends attributed
to change of samarium concentration. /nset (I) in Figure 6.5 presents part of
enlarged spectra which exhibit broad d-f band and narrow lines arising from
D, — ’F, transitions in spectral range 520 — 675 nm. When measuring
temperature reaches 400 K above mentioned spectral features appears and
increases in intensity as function of temperature. This result is a consequence
of the small energy gap between "D, and °D; excited states (AE =~ 1300 cm™),
which is very close to vibration mode of BO, (= 1300 cm™). AE between
lowest d state and “Dy is approximately 2600 cm™. Thus observed emission can

be explained by a thermal population of excited states from D, level.
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Figure 6.5 Temperature dependent emission data (Agx = 360 nm) for Srg.99Sm.9;B407
sample annealed at [III] 900 °C for 8 h in air (for clarity only emission at 100 K are
given). Inset presents zoomed plots where intensity is selected 1/50 of the highest
peak. Additionally representative integrals are also given.

Gaussian fitted emission and excitation spectra of SrTB:Sm(1.0 %)
measured at 500 K were used for Stokes shift estimation. Emission data were
plotted as emitted energy per constant energy interval [4], i. e. g vs E.
Emitted energy was calculated using equation ®p = @, A*(hc)”’, where ¢ is

velocity of light, h — Planc constant, A is wavelength and @, is emitted energy
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per constant wavelength interval. Moreover, extrapolation given by Dorenbos
[116] was applied due to unresolved shape of SmA band. Above mentioned
amendments resulted in Stokes shift of about 1600 cm™ for Sm*" emission in

strontium tetraborate.
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Figure 6.6 Normalized Sry.99Smg91B4O; sample emission spectra integrals plotted
against temperature. 683 — 900 nm represents Dy — "Fy; 500 — 683 nm depicts d-f
and 5D1 —'F  integrated transitions.

Figure 6.6 represents normalized integrated values of SrTB:Sm(1.0%)
emission spectra, recorded in 100 — 500 K temperature range. Integrated
emission interval between 500 — 683 nm depicts the rise of d-f emission with
increasing temperature, whereas f-f emission (683 — 900 nm) shows opposite
dependency. The f-f emission intensity starts to drop rapidly at 350 K while
total emission integral (500 — 900 nm) values are increasing up to 450 K due to
thermal population of 4f°5d' and D, levels. The temperature dependent
emission data for all series of samples are similar and no trends depending on
samarium concentration were observed. Boltzmann fit for emission integrals
plotted against temperature can be used as rough estimation of thermal
quenching temperature. Values obtained in such manner for f-f transitions (683
— 900 nm) for all series of samples fall into 500 — 530 K range, supporting

absence of Sm”" concentration influence on emission intensity.
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6.5. Time Resolved Spectroscopy of Sm**

Luminescence decay data of Sm”" substituted strontium tetraborate were
recorded monitoring emission of D, — 'F, transition (685.5 nm) and
excitation at 360 nm. All these measurements showed a strictly mono-
exponential decay of the intensity indicating only one radiative deactivation
channel of the emitting D, level. Figure 6.7 depicts emission decay time
dependence of Sm*" concentration against sample temperature (100 — 500 K).
Temperature increase up to 500 K results in sharp decay time constant drop,
e.g. 4065 — 2082 ps for SrTB(0.1 %) or 3679 — 2001 ps for SrTB(10.0 %).
Linear relationship between emission intensity (Figure 6.6) leads to
conclusion that thermal population of the 4f°5d' and °D, levels has
considerable effect on decay time. However, Sm®" concentration influence is
not so straightforward. Decay values reach saturation above 2.5 % strontium
substitution. The absence of efficient cross relaxation of Sm”” in SrTB system

could be reasonable explanation of observed saturation effect.
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Figure 6.7 Temperature dependent emission decay values of Sr;SmB40O; samples
where x = 0.001, 0.005, 0.010, 0.025, 0.050 and 0.100, monitored at g, = 685.0 nm
under 360 nm excitation.

6.6. Review of the Main Results

Samarium substituted Sr,,Sm,B,0O; samples were prepared by solid state

synthesis route. The preparation gives Sm’" reduction to divalent state even
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after annealing in air at high temperature. Substitution of strontium up to 10 %
have no substantial influence on the residual Sm®" emission despite significant
amount of SmB;O¢ phase formation. Moreover, no peak shifts were detected
neither against Sm®" concentration or measuring temperature. Due to the
thermal population, the D, — ’F, transitions are observed at temperatures
higher than 350 K even though the vibration of borate is a high-frequency one.
The intensity of D, — 'F, transitions increased with the increasing
temperature while the intensity of Dy — 'F, transitions decreased. The d-f
transitions of Sm”" in SrB4O- appear at high temperature due to the low enough
energy position of the 4f°5d' level and the small energy difference between
4£°5d" and °Dj levels. The study on the temperature dependence of samarium
luminescence in strontium tetraborate shows that the variation of Sm?*'
fluorescence is most probably governed by the lowest lying 4f°5d" states.
Obtained Stokes shift for Sm*" d-f emission is = 1600 cm™. ° Dy, — 'F; and °D,
— F, transitions are split into three and four substates, respectively, thus
suggesting that Sm>" occupies a site with C,, or lower symmetry (Figure 3.3).
The vibronic transitions with energy difference about 98 cm™ were found even
at 100 K for the zero phonon line (SDO — 7F0) of Sm*" derived from the
coupling of the excited 4f electrons with local phonons. The decay time of
Sm®" in SrB,O; is temperature dependent. Nevertheless, all the decay curves
are single exponential. The observed saturation of decay time values for higher
than 2.5 % samarium substitution indicate absence of Sm®" concentration

quenching, due to negligible interaction between optically active ions.
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Chapter 7. Photoluminescence Properties of Sm®* in LaMgB;0;,
7.1. Experimental Details

The samples of Lagg9SmgoMgBsO9p and GdygeSmg o MgBsO;, were
prepared by conventional solid-state reaction method. The starting materials
were Sm,0;, La,03, Gd,03, MgO and H;BOs. 5 wt% of H;BO; was used in
excess to compensate its evaporation at high temperature. The stoichiometric
amounts of raw materials were thoroughly ground in an agate mortar and then
heated in a furnace at 500 °C for 1 h. Subsequent annealing procedure
consisted mostly of one heating step [I] at 1020 °C for 8 h in air, CO or
H(10%)/N,(90%) atmosphere. For some samples annealing with intermediate
grinding were repeated once [II] or twice [III] at the same conditions, as
indicated in the text.

Excitation (excitation slit 0.3 nm and emission slit 4.0 nm) and emission
(excitation slit 4.0 nm and emission slit 0.3 nm) spectra were recorded in the

ranges of 250 — 540 and 460 — 800 nm, respectively.
7.2. Data Analysis and Discussion

Figure 7.1 shows the XRD patterns of LajggeSmyoMgBsO;y and
Gdo.99Smg o1 MgBs0,, samples annealed at 1020 °C for 8 h under air. For the
gadolinium-containing sample the background is subtracted because of
specimen fluorescence. Peak positions for both compounds match very well
the standard XRD data of [ICDD#04-010-0668 (LaMgBsO,,) for
Lag99Smg o MgBs0y and ICDD#04-010-0674 (GdMgBs0) for
Gdo.99Smg o;MgBs0,y. For lanthanum-samarium magnesium borate traces of
monoclinic LaB3;04 phase (ICDD#04-009-4235) were detected (denoted with
asterisk in Figure 7.1a). It is interesting to note, that this impurity phase still
remained after subsequent annealing steps. Extra peaks, however, are absent in
the case of gadolinium compound, neglecting high noise to signal ratio
attributed to Gd fluorescence during XRD measurements. Gadolinium
magnesium borate peaks are slightly shifted towards higher 20 values

indicating the smaller unit cell, as was stated above. Comparing the XRD
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results of all synthesized samples no other phase specific changes were

observed, except few variations in the peak intensities.
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Figure 7.1 XRD patterns of LaMgBs09:Sm’" (a) and GAMgBs0,0:Sm>" (b) samples
annealed at 1020 °C for 8 h in air.

A schematic energy level diagram of transitions in Sm®" is presented in
Figure 7.2. In general the 4f electrons of rare-earth ions in solids are quite
similar to free ions and are rather insensitive to the effects of the surrounding
crystal-field, due to outer shell shielding. However, fine structures of
photoluminescence emission spectra are still governed by the Stark effect
caused by the crystal field effective at the luminescent ion. 4f orbitals of the
Sm’” ion are partially filled with five electrons (4f°) and these unpaired
electrons give twice Kramers degeneration in any crystal field lower than
cubic. The maximum number of Stark sublevels for Sm’" ion with 'L,
multiplets is (2J + 1)/2 due to the Kramers degeneracy of its odd 4f° electron
configuration. The detailed analysis of the energy levels of Sm’" in several
hosts have been reported elsewhere [51, 117]. Under the assumption that
samarium replaces lanthanum or gadolinium in LnMgB;0,, with C; symmetry
it can be expected to observe 3, 4, 5 and 6 spectral lines for J = 5/2, 7/2, 9/2

and 11/2, respectively, in the orange-red spectral range. The additional lines
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2% 4% 6* and 8* (Figure 7.2b) may be due to several causes including non-
equivalent crystallographic sites for the samarium ions, emission from higher
excited metastable states and vibronic (hot band) transitions [118]. Some peaks
(1*, 3*, 5% and 7*) involving the transition ‘Fs, — 6Hj are also detected

indicating that the *Fs,, level of Sm®" is also populated to some extent [119].
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Figure 7.2 Schematic energy level diagram of transitions in Sm>*: for excitation (a),
for emission (b). At the sides corresponding spectra of LaMgBs0,9:Sm’" are plotted.
Figure 7.3 represents the photoluminescence excitation, emission and
diffuse reflection spectra of LajgoSmg o MgBsO,y and Gdjg9Smg o MgBsOg
powders. The excitation spectra of the specimens were measured by
monitoring the emission at 597 nm. In the case of lanthanum magnesium
borate all observed peaks are due to the excitation from ground state 6H5/2 to
higher energy levels of Sm’" ion. It is worth to mention that due to the vast
number of excited levels and small energy difference it is difficult to assign
unambiguously the correct 4f-4f transitions in Sm®" ion. In excitation spectrum
of gadolinium-based compound several additional peak groups at around 253,
274 and 312 nm appears which are assigned to Gd*" ion 887/2 — 6D9/2, 61]/2
(where J =7;9; 11; 13; 15; 17) and 6P7/2;5/2;3/2 transitions, respectively [120]. It
1s common to observe a ligand-to-metal charge-transfer absorption due to the

Sm’"-O” interaction at the UV region in Sm activated phosphors. However,
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there is no obvious charge-transfer absorption of Sm**-O* interaction or host
absorption band that could be detected in the excitation spectrum (250 — 460
nm). Only direct excitation of Sm>" and Gd’* ions is measured. Therefore, the
charge transfer state of the Sm’>*-O* interaction must be below 250 nm (above
5.0 eV). The very broad absorption band (250 — 400 nm) does not result in

luminescence and is assigned to defects (urbach-tailing).
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Figure 7.3 Excitation, emission and diffuse reflection spectra of Lay.goSm.01MgBsO
(a) and Gdy 99Smy.0:MgBsO g (b) powders after first annealing step at 1020 °C for 8 h
in air.

However Gdj¢Sm; 0 MgBsO;, emission spectra clearly show efficient
energy transfer between Gd>* and Sm’" ions. Rough estimation of energy
transfer efficiency would be division of excitation peaks (274 and 402 nm)
integral ratio with emission spectra integral ratio, which gives a value of
approximately 60 %. The strongest excitation peak for Sm®” is located at 402
nm assigned to the 6H5/2 — 4L13/2 + 6P3/2 + 4F7/2 transition and the strongest Gd**
%S, — °I, transition peaking at 274 nm has been selected for the measurement
of emission spectrum of samarium doped lanthanide magnesium borate. The
dense excited state level structure of Sm’" facilitates rapid non-radiative
relaxation and subsequent population of *Gs), state. This state is separated from

the next lower lying 6F11/2 by about 7000 cm’, thus multi-phonon relaxation is
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negligible. Figure 7.3 displays the emission spectra of samarium doped
lanthanide magnesium borate powders in the wavelength range of 460 — 800
nm upon 402 nm excitation and additionally at 274 nm in gadolinium based
compound. There are four main groups of sharp emission peaks around 560,
600, 650 and 710 nm assigned to the intraconfigurational-4f transitions from
the excited state level *Gs, to ground levels Hs,, °Hyp, ®Hop and °Hyyp,
respectively. Well resolved and sharp peaks indicate strong crystal field (Stark
splitting) effect on Sm*" ion [117]. The exact assignment of transitions is given
in Figure 7.2.

The photoluminescence kinetics of the Sm’" centers in the
Lag99Smg 0;MgB50;¢ and Gdy99Smy o;MgB;s0;¢ powders were characterized by
single exponential decay. The example of fitted decay curve of the ‘Gs, —
%H,), luminescence in the LaMgBs0;o:Sm’" sample is presented in Figure 7.4.
The powder was excited at 402 nm wavelength and emission was monitored at
597 nm. The fitted single exponential curve gives experimental lifetime values
in the range of 2.2 — 2.4 ms (Figure 7.4). Decay time slightly decreases with
repeating the annealing step. This can be interpreted by changes in powder
crystallinity or defect formation by loss of some boron oxide. Similar
behaviour is determined for the samples annealed in different atmospheres.
With increasing reducing potential decay time are shortened most likely due to
favoured defect formation. As mentioned earlier, due to the difference in the
energy gap the multiphonon relaxation rate from *Gs, level to the °Fy ), level is
negligible small for Sm®>" ion. According to the literature reports [48, 121], the
concentration quenching (Sm’’—Sm’" interaction) can occur by cross-
relaxation processes. Taking into account a relatively small concentration (~1
mol%) of Sm>" ions and single exponential profile of the *Gs, decay curve one
can suppose that concentration quenching in studied samples can be neglected.
In case of GdjgoSmgoMgBsO,y compound Sm*" emission decay time is
considerably longer for excitation at 274 nm (Gd*" ®S;, — °I, transition)
compared to excitation at 402 or 478 nm which nicely confirms the energy

transfer assumption.
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Figure 7.4 Emission decay curve of LaggoSmgoMgBsO;9 and data for
Lay.99Smo.0:MgB;50 19 and Gdy.99Sm.01MgB;50 0.

7.3. Review of Main Results

Orange-red emitting Layg9Smgy o MgBsOy and GdygeSmg 6 MgBs0y
photoluminescent materials were synthesized by a solid state reaction method
at 1020 °C for 8 h. Four emission bands corresponding to the *Gsp—°Hs),
6H7/2, 6H9/2 and 6H11/2 transitions peaking at 560, 600, 650 and 710 nm,
respectively, upon excitation at Hs—*L130+°P3 0+ Frp (402 nm) have been
observed. 4F3/2—>6Hj transitions are also detected indicating that the 4F3/2 level
of Sm’" is also populated to some extent. No obvious charge-transfer
absorption of Sm**-O” interaction or host absorption band was detected in the
excitation spectrum (250 — 460 nm). By direct excitation of Gd** at 274 nm
intense Sm®" emission was measured indicating an efficient energy transfer
from Gd** to Sm’". The luminescent kinetics data are fitted by single
exponential curve giving experimental lifetime values in the range of 2.2 — 2.4
ms. The decay lifetimes for Sm** emission upon direct excitation of Gd*" is

around 0.1 ms longer, confirming the energy transfer phenomena.
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Chapter 8. Luminescence of Sm’t in SrAl 12019 and LaMgAl;;0;9
8.1. Experimental Details

For samarium-substituted SrAl;;O,9 and LaMgAl;;0,9 samples, two main
approaches were selected: conventional solid-state reaction and sol-gel
combustion method. For solid-state synthesis starting materials were Sm,0O3,
La,O3;, SrCO; and nano-scale Al,O;. The stoichiometric amounts of raw
materials were thoroughly ground in an agate mortar (acetone was used as
medium) and, as the first step [I], preheated in a furnace at 1000 °C for 4 h in
air. For combustion synthesis the gels were prepared using Sm(NOs);-6H,0,
Sr(NO3), and AI(NOs);-9H,0. Before synthesis La,O3 was dissolved in diluted
HNO; and evaporated to dryness, obtained lanthanum salt solution in water,
was used in synthesis. Tris(hydroxymethyl)-aminomethane (tris-amine) or
ethylenediaminetetraacetic acid (EDTA) were used as complexing agent and
fuel. Metal salts were dissolved in distilled water and heated to 65 — 75 °C;
additionally HNO; was added to prevent hydrolysis of metals. Then, under
continuous stirring, tris(hydroxymethyl)-aminomethane (or EDTA) was added
with the molar ratio of 1:0.5 or 1:1 (to all metal ions) and solutions were stirred
for an additional 1 h at the same temperature. Subsequently, after concentrating
the mixtures by slow evaporation, sols turned into transparent gels. Then the
temperature was raised to 250 °C and the self-maintaining gel combustion
process started and was accompanied with evolution of huge amount of gases.
The resulting products were dried in the oven for several hours at 120 °C and
ground to fine powders, which were preheated for 4 h at 1000 °C in air (the
first step [I]) to remove the residual carbon after the combustion process. In
both cases obtained white powders were further sintered (the second step [II])
for 4 — 12 h at 1400 — 1700 °C under air or H5(20%)/N,(80%) atmosphere.

Excitation (excitation slit 0.5 nm and emission slit 5.0 nm) and emission
(excitation slit 5.0 nm and emission slit 0.5 nm) spectra were recorded in the

ranges of 250 — 500 and 500 — 800 nm, respectively.
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8.2. Synthesis Route and Annealing Temperature Influence on Phase

Formation

Figure 8.1 shows the XRD patterns of the Sryg9Smg o Al;2019.5 precursor
with trisamine to cations ratio 0.5 (a — b) or 1.0 (c) calcined in static air at 1500
— 1700 °C for 8h. After heating the precursor at 1000 °C for 4 h, the powder is
still amorphous, e.g. few very broad bands are detected. Heating the precursor
at 1500 °C for 8 h produces a mixture of SrAl,0, (ICDD#04-010-5403), Al,O;
(ICDD#04-013-1687) and SrAl;,0,9 (ICDD#04-009-5514) as the major phase.
Increasing calcination temperature to 1700 °C, the peaks of SrAl,0O4 and Al,O;
reduces in size, but still remain with considerable intensity. However, change
of fuel ratio influences significantly the magnetoplumbite phase formation.
Sample annealed at 1700 °C for 8 h result in SrAl;,O,9 as a major phase with
residual traces of Al,Os;, while no SrAl,O, phase is detected. The main
function of trisamine or EDTA is to provide a polymeric network to hinder
cations mobility, which maintains local stoichiometry and minimizes
precipitation of unwanted phase. An added feature of having an organic resin
as a carrier is the potential heat of combustion produced during firing.
Increasing fuel/M ratio results in more carboxylic groups and polymer gel. The
former improves the uniformity of metal element in the solution and gel, the
later increases the potential heat of combustion produced during calcinations.
Hence, increasing the molar ratio of trisamine to total metal cations
concentration enhanced the formation of SrAl,0O,9. The discussed XRD results
clearly indicate that combustion method using trisamine as a fuel is not suitable

for proper SrAl;,O,9 synthesis.
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Figure 8.1 XRD patterns of Srp.9oSmo.01Al1:019+5 samples prepared by combustion
and annealed at: (a) [1I] 1500 °C for 8h (Trisamine 1:0.5), (b) [1I] 1700 °C for Sh
(Trisamine 1:0.5), (c) [1I] 1700 °C for 8h (Trisamine 1:1).

Figure 8.2 shows the XRD patterns of the Srj¢oSmgo;Al;»09.5 precursor
prepared via combustion with EDTA as fuel. EDTA to cations ratio was
selected 1:0.5. The results are completely different as in previous case. Pure
SrAl;;049 phase is obtained even at 1500 °C for 4 h whereas longer annealing
time or higher temperature has no influence on phase purity. There is only
increase in crystallinity of material, because relative peak intensity increases.
Possible explanation for such different influence of synthesis conditions to
phase formation could be differences in initial precursor after combustion.
Samples prepared with trisamine after annealing at high temperature keep the
same volume, while for samples with EDTA decrease in sample volume

observed.
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Figure 8.2 XRD patterns of Srp.9oSmo.01Al1:019+5 samples prepared by combustion
and annealed at: (a) [1I] 1500 °C for 4h (EDTA 1:0.5), (b) [1I] 1500 °C for Sh
(EDTA 1:0.5), (c) [TI] 1700 °C for 8h (EDTA 1:0.5).

XRD patterns of samples prepared employing conventional solid-state
technique are depicted in Figure 8.3. Pattern of sample annealed at [II] 1500
°C (Figure 8.3a) reveals main SrAl;O,9 phase with small peaks of side
phases, e.g. SrAl,O4 and SrAl,O; (ICDD#04-007-5368). Increase in annealing
temperature ([I[] 1700 °C) results in complete decomposition of SrAl,O4
(Figure 8.3b), however, SrAl,;O; remains with same peaks intensity.
Prolonged heating time (8 h) brings no influence for phase purity (Figure

8.3c¢); traces of SrAl4O; still remain in samples.
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Figure 8.3 XRD patterns of Sry.99Smg 91Al1:019+5 samples prepared by solid-state and
annealed at: (a) [1I] 1500 °C for 8h, (b) [1I] 1700 °C for 4h, (c) [1I] 1700 °C for Sh.
In Figure 8.4 is presented XRD data for LaMgAl;;O,9 prepared via
combustion route. The results are different as compared to SrAl;;O;9, the
change in fuel nature have no influence on phase formation. Single
magnetolumbite structure phase (ICDD#04-006-2251) 1s obtained after
annealing preheated powder at [II] 1400 °C for 4 h (Figure 8.4a). There is no
evidence of side phase formation and the same behaviour is observed for

samples annealed at higher temperature ([I[] 1700 °C) (Figure 8.4b-c).
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Figure 8.4 XRD patterns of LaggoSmg.gi:MgAl1,0;9 samples prepared by combustion
and annealed at: (a) [1I] 1400 °C for 4h (Trisamine 1:0.5), (b) [1I] 1700 °C for Sh
(Trisamine 1:0.5), (c) [1I] 1700 °C for 4h (EDTA 1:0.5).

8.3. Luminescence Properties of Samarium Doped Magnetoplumbite

The emission spectrum of trivalent samarium (Sm’") is dominated by
transitions from the 4G5/2 excited state located at about 17 500 cm ' [15]. With
404 nm (24752 cm™") excitation the *Gs), state is the only luminescent level;
small energy gaps between all above-lying levels assure their efficient non-
radiative relaxation leading to the population of the *Gs), state. This state is
separated from the next lower lying 6F11/2 by about 7000 cm . It makes the
multiphonon relaxation negligible: 10 host’s phonons with the highest energy
of 650 cm ' are needed to cover this energy gap. Thus, it seems that radiative
transitions and relaxation by non-radiative energy transfer are the main
processes, which can depopulate the *Gs, state. The strongest emission is
observed in the red part of the spectrum. Figure 8.5 shows the 1.0 %
samarium substituted SrAl;,O,9 (a) and LaMgAl;;0,9 (b) sample luminescence
data acquired in 250-800 nm spectral range at room temperature. All observed
emission bands correspond to transitions from the 4G5/2 fluorescent state to the

H.,, 13, excited levels and to the °Hs), ground state. The *Gs;,—°H;), emission
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with the most intense line at 16920 cm ™' as well as the 4G5/2 — ®Hy), band at
15649 cm ' and *Gsp, — ®Hsp (17857 cm™) are dominant in spectrum. The
band’s assignment, presented in Figure 8.5, was based on energy multiplet
calculations made for Sm®" in Y3Al;01, [51]. Several transitions have been
included into one complex of a broad band because the crystal-field (CF)
splitting of the neighboring multiplets is frequently larger than their energy

separations.
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Figure 8.5 Excitation, emission and diffuse reflection spectra of samples annealed at
[1I] 1700 °C for 8h under air: (a) Srg.99Smp.01A112019.5, (b) Lag.o9Smp.901MgAl;10 .
Excitation spectrum of SrAl,0;,:Sm*" (Figure 8.5a) for the 594 nm
emission consists of a series of sharp peaks in the 300—500 nm range with the
strongest peak at 404 nm and some peaks at 305 (°Hsj, — *Psp), 317 (*Hsp, —
*Lisn), 345 (*Hsp — °P7p), 362 (*Hsp — *Dii; “Fon; “Psp), 376 (Hspy — Prp;
*Kisn), 389 (*Hsn — “Ki1n), 416 (*Hsy — “Miyop), 469 (*Hs, — *Iyy2) and 479
nm (°Hsj, — *Io; *M;s5). These peaks are ascribed to the transitions from the
ground state to the excited states of Sm®". In addition, there is a wide band in
the region starting at 260-270 nm. This band is attributed to the electron
transition in O° — Sm’" couple (charge transfer [CT]). The strongest

excitation induced by the Hs;, — “Li3n; °P3jn; *Fop (404 nm) transition has

85



been selected for the measurement of emission spectrum of SrAl;,O:Sm>"
phosphor. The intense peak at 404 nm indicates that this kind of phosphor can
be effectively excited by near-ultraviolet light-emitting diodes.

The emission spectrum of SrA112019:Sm3+ obtained by excitation at 404
nm is shown in Figure 8.5a. Under the excitation at 404 nm, five bands
located at 560, 591, 639, 702 and 776 nm are observed and they are assigned to
the 4G5/2 — 6HJ (J=5/2,7/2,9/2,11/2, 13/2) transitions of Sm*". Among them,
the transition *Gs, — °Hy, (591 nm) has relatively higher emission intensity
than the other transitions. The first one at 560 nm (4G5/2 — 6H5/2) 1S a magnetic-
dipole transition, the second at 591 nm (*Gs;, — °H;),) is a partly magnetic and
partly a forced electric-dipole transition and the other at 639 nm (4G5/2 — 6H9/2)
is purely electric-dipole transition, which is sensitive to the crystal field. The
intensity ratio of electric-dipole to magnetic-dipole transition can be used to
measure the symmetry of the local environment of the trivalent 4f ions. In
general, the electric-dipole transition will be of greater intensity for more
asymmetric local environment. In the present investigation, no substantial
differences were observed in the intensities of electric-dipole (4G5/2 — 6H9/2)
and magnetic-dipole (4G5/2 — 6H5/2) transitions. Further, emission bands split
into components. These splitting of energy levels are caused by the crystal
field interaction.

For the emission of Sm®" ion in LaMgAl; 0, (Figure 8.5b) prominent
peaks are observed at 560, 594, 643 and 704 nm (excitation wavelength 403
nm). The peak positions vary little with the host lattice and are assigned to the
transitions ‘Gsp — °Hsp, *Gsn — °Hyp, *Gsp — °Hop and “Gsp — °Hyyp of
Sm’". Furthermore, there is associated line structure in the excitation spectrum,
corresponding to the transition within the 4f> configuration and accordingly

. . . 3+
assignment is the same as in SrAl;;0;9:Sm”" case.
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Figure 8.6 Excitation, emission and diffuse reflection spectra of samples: (a)
SFO,99Sm0,01A112019_5 and Sro,97Sm0,03Al12019_5 annealed at [H] 1700 OCfOI’ 8h under
air (solid-state): (b) Lago9Smg.901MgAl;;0,9 annealed at [1I] 1500 and 1700 °C for Sh

under air (Trisamine 1:0.5).

Since Sm®" properties are similar in both hosts the concentration dependant
data are given for SrAl,0,9 (Figure 8.6a) and annealing temperature
influence for LaMgAl,,0y9 (Figure 8.6b). As it is expected the increase in
Sm’" concentration give more intense luminescence spectra, however relative
change in intensity is not so big as the concentration difference. One should
suppose that ion—ion interactions are active in the samarium doped
magnetoplumbite structure system. Such dependence suggests that cross-
relaxation processes affect fluorescence of the *Gs, manifold in
SrA112019:Sm3+ (or LaMgAlHOlg:Sm%). Match for transitions is achieved
(based on level energies resonance) whereas such cross-relaxation process as
*Gsn — °Fon = *Hsp — °Fpp or *Gsp — “Frp = *Hspy — °Fypp can oceur with
simultaneous emission of phonons (phonon-assisted process) [50].
Additionally, the existence of several Sm®" centers in these hosts can play
positive role in the energetic adjustment. Figure 8.6b shows annealing

temperature influence on 1% Sm®" substituted LaMgAl;10y. Substantial
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increase in intensity is detected due to higher crystallinity of samples annealed

at higher temperature.
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Figure 8.7 Excitation and emission spectra of samples annealed at [1I] 1700 °C for
8h under H2(20 %)/N2(80 %).’ (a) SF0_995SI’I10_005A112019_(5, (b) La(),995Sn’l().()()5MgA111019.

In Figure 8.7 is presented data for samples annealed under highly
reducing atmosphere (20% H,/N,) at 1700 °C. It is interesting to note that no
traces of Sm”" are detected. Despite the suitable twelve-coordinated divalent
site in SrAl;;O0;9 samarium still remains in trivalent state. For proper
explanation of this effect additional experiments should be performed, like
sample irradiation with high-energy rays in order to determine host influence
on Sm’" stability.

In Table 8.1 is depicted time dependant emission data for Sm>" doped
SrAl;,049 and LaMgAl;;0y9. The decay curves of all samples were found to be
single exponential. The decay data is measured for 4G5/2 — 6F7/2 transition at
room temperature. All decay values fit into 2.1 — 3.0 ms range, which is
characteristic to trivalent samarium. Decrease in decay value is detected for
samples with higher samarium concentration indicating above mentioned
cross-relaxation process, while reasons for decrease in higher crystallinity

samples are not so obvious. This might be due to facilitated defect formation at
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higher temperatures. Sm®>* emission decay in LaMgAl,,0,, samples are around
10 % shorter as compared to strontium hexaaluminate, the measured difference

may be attributed to the change in local field.

Table 8.1 Lifetime data for Sm’>" emission in SrAl 11019:8m prepared via solid-state
and Lag.99Smg0iMgAl; 1019 — via combustion (trisamine 1:0.5) routes.

Mex)  MEm) TS | 6 B G A ¥  D-W
m?ﬁ%‘gjgflﬁ)air 404 | 593 2922 | 7.85 4337 132 0762 1351 1,630
[H]S%f;g:gflsi?m i~ <~ 3050  7.01 579.5 |1.50 0.897  1.300 @ 1,622
[H]S ﬁ%}?:gfﬂ?m -11- - 0 2760 4,78 913,8 | 1,92 -0,144 | 1,076 @ 1,845
[H]S;ﬁf;g:g%?air S i - 2753 466 9553 196 -0,096 1,120 1,884
[H]S ;”;‘;;S:Ef"’;;"}at -11- /- 2914 | 631 6595 | 1,63 1,295 1488 @ 1,483
m?ﬁ%g:gg?m - 0 +l- 0 2969 629 682.0 | 1.65 1,176 1.439 | 1,521
[H]S ﬁ%}?ﬁgﬁ?m -1/- -//- 2551 4,22 1018 2,10 0,174 1,091 1876
m]sﬁf;gjgg?at - . <~ 2531 422 1005 2,09 0,168 1.105 | 1,840
[uﬁf}fosén(lozioﬁ)w - L - 3079 | 6.54 6248 1,52 -0.256  1.132 1,934
[I]“]‘]'I\lﬁt(gé“;(}?;l 403 | 594 | 2607  4.62 903.2 | 1.96  0.420 1,146 | 1.843
[ﬁlﬁlﬁ,gcé“;(f;{ - i -l 2570 472 1926.6 1 2.02  0.481 1,213 | 1.873
E}I\]Ltgélrﬁo;l J- | <= | 2424 | 4.49 9274 | 2,07 | 0365 1,135  1.882
[Iﬁil\lﬁgcéms(;o;g - i - 2400  4.53 9051 | 2.06 0350 1,144 1,877
E}“ﬁ%‘gé"‘;ﬁoﬁ - -~ 2243 446 9215 1216 0,118 1,111 1,941
[Iﬁil\ll%gcé‘“s(;o;g - G-~ 2128 421 9521 © 224 0007 1,092 1,904
mﬁﬁgtoché‘ﬁu];“% - L -~ 2286 | 4.67 866.8 2.08 0.184 1,145 | 1,859

8.4. Review of Main Results

It was found that the best suitable synthesis technique to get phase pure
SrAl,09 is combustion with EDTA as fuel. The same structure LaMgAl;;019
pure phase can be synthesized via same method regardless the fuel used. Single
phase for both materials are obtained after annealing at 1400 — 1500 °C for 4 h

in static air. The trivalent samarium emission spectra contained the ‘G, — °H;
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(J=15/2,7/2,9/2, 11/2 and 13/2) transitions, which were detected in the 550 —
780 nm range. No obvious conclusion about Sm’" occupied site symmetry
could be made due to insufficient clarity of the shape and intensity of observed
transitions. Excitation spectra in the range of 250 — 500 nm resulted in sharp
4f°-4f° transitions, which were labeled using reference data for Sm®" transitions
in Y3Al;01,. Annealing under highly reducing conditions at high temperature
revealed that examined magnetoplumbite hosts are not suitable for samarium
reduction to divalent state. The measured emission decay values fall into the
range of 2.1 — 2.7 ms for LaMgAIUOlg:Sm3+ and 2.5 — 3.0 ms for
SrAl;;019:Sm™".
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Chapter 9. Photoluminescence Properties of Sm*"* in Sr Al 4055
9.1. Experimental Details

For samarium-doped SrjAl140,5 samples two different approaches were
selected: conventional solid-state reaction and sol-gel combustion method. For
solid-state synthesis starting materials were Sm,0;, SrCO; and nano-scale
Al,O;. The H3;BO;, NH,Cl and AIlF; were seclected as fluxes. The
stoichiometric amounts of raw materials were thoroughly ground in an agate
mortar (acetone was used as medium) and then preheated in a furnace at 1000
°C for 4 h in air. For combustion synthesis the gels were prepared using
Sm(NQO;);-6H,0, Sr(NO;), and AI(NOs;);-9H,0. Tris(hydroxymethyl)-
aminomethane (tris-amine) or ethylenediaminetetraacetic acid (EDTA) were
used as complexing agent and fuel. Metal salts were dissolved in distilled
water and heated to 65 — 75 °C; additionally HNO; was added to prevent
hydrolysis of metals. Then, under continuous stirring, tris(hydroxymethyl)-
aminomethane (or EDTA) was added with the molar ratio of 1:0.5 (to all metal
ions) and solutions were stirred for an additional 1h at the same temperature.
Subsequently, after concentrating the mixtures by slow evaporation, sols
turned into transparent gels. Then the temperature was raised to 250 °C and the
self-maintaining gel combustion process started and was accompanied with
evolution of huge amount of gases. The resulting products were dried in the
oven for several hours at 120 °C and ground to fine powders, which were
preheated for 4 h at 1000 °C in air to remove the residual carbon after the
combustion process. In both cases obtained white powders were further
sintered once or twice ([II] or [III] steps) for 8 h at 1300 °C (or 1400 °C) under
CO or H,(10%)/N»(90%) atmosphere.

Excitation (excitation slit 0.5 nm and emission slit 5.0 nm) and emission
(excitation slit 5.0 nm and emission slit 0.5 nm) spectra were recorded in the

ranges of 250 — 640 and 460 — 900 nm, respectively.
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9.2. Influence of Flux on Sr4Al;4O,5 Phase Formation

Figure 9.1 and Figure 9.2 present the XRD patterns of strontium
aluminates phase distribution after various synthesis steps. Since attempts to
obtain single-phase SryAl;,0O,5 failed, it was chosen to use additives, besides
addition of flux significantly reduces the formation temperature and time
[122]. The influence of different flux on the formation of S4A7 phase, the
boric acid (H;BOs, m.p. 577 °C), ammonium chloride (NH4Cl, m.p. 340 °C)
and aluminum fluoride (AlF;, m.p. 1291 °C) were used. The XRD patterns of
Sr3.8sSmg 1,Al140,5 (S4A7:Sm) samples, synthesized via solid-state method, are
shown in Figure 9.1. The patterns (a) and (b) are for the sample prepared with
2.5 wt% of H3;BO; flux. After the first heating at 1000 °C for 4 h in air (Figure
9.1a) the blend of three different strontium aluminates appears. The major
phase is monoclinic SrAl,O; (ICDD#04-007-5368) and two minor phases,
monoclinic SrAl,O, (ICDD#04-010-5403) and orthorhombic SrAl;4,O,5
(ICDD#01-089-8206) are indentified. After second annealing at 1300 °C for 4h
in Hy/N, (Figure 9.1b) or CO (XRD not included) atmosphere single phase
Sr,Al40,5 was obtained. Therefore, synthesis of SryAl140,5 involves complex
reaction processes in which SrAl;O; and SrAl,O, are formed as intermediate
phases. However, samples prepared with NH4Cl flux show no traces of S4A7
phase formation even after twice repeated annealing at 1300 °C for 8 h
(Figure 9.1c). NH4ClI addition to the raw materials, after prolonged annealing,
results in composition of three strontium aluminates: SrAl,O,, orthorhombic
SrAl;;,0;9 (ICDD#04-009-5514) and traces of SrAl;O;. The aluminum fluoride
was also used as a flux, where 2 wt% of initial Al,O5; powder were replaced by
AlF;. As indicated in Figure 9.1d, it influences S4A7 phase formation, but
probably the fluoride concentration is too low for the acceleration of initial
reaction. Even twice repeated annealing at 1300 °C for 8 h gives only minor

amount of S4A7 in the mixture of strontium aluminates.

92



(d) ——[I] 1300°C, 8h, H,N,
{2 wt% of AL,O, replaced with AIF }
——SrALD,
PDF-4+ (ICDD) [04-010-5403]
s SrAlLO,
PDF-4+ (ICDD) [04-009-5514]
o SrAl O,
o PDF-4+ (ICDD) [01-089-8206]
Q.so

s

1h .|j,|,||1| N I||nll

L at L Yowl
——[I] 1300°C, 8h, H,/N,
{Solid State, 2.5 wt% NH Cl}
——SrALD,
PDF-4+ (ICDD) [04-010-5403]
s SrAl O,

PDF-4+ (ICDD) [04-009-5514]
w SrAl,O,

s
PDF-4+ (ICDD) [04-007-5368]
s w s

N I.|.|l

it L lowl
——1lI] 1300°C, 4h, HZIN2
{Solid State, 2.5 wt% H.BO.}
——Sr,AlL0,

PDF-4+ (ICDD) [01-089-8206]

Normalized Intensity
t
"
"
H
H
<
———

\ [T T TR |
——[1]1000°C, 4h, air
{Solid State, 2.5 wt% H,BO_}
—SrAlLO,
PDF-4+ (ICDD) [04-007-5368]
x SrAlLO,
PDF-4+ (ICDD) [04-010-5403]
SrAlO,

PDF-4+ (ICDD) [01-089-8206]

-—/‘—J o X o X O
A 1 |

10 15 20 25 30

" " by
50 55 60

20
Figure 9.1 XRD patterns of S447:Sm samples prepared by solid-state and annealed
at: (a) [T] 1000 °C for 4 h (2.5 wt% H;BO3), (b) [1I] 1300 °C for 4 h (2.5 wt%
H3BO3), (c) [TI] 1300 °C for 8 h (2.5 wt% NH,CI), (d) [TIT] 1300 °C for 8 h (2 wt%
AIFs).

The XRD patterns of samples synthesized by combustion method are
depicted in Figure 9.2. Two different fuels, tris-amine (Figure 9.2a-b) and
EDTA (Figure 9.2c-d), were tested. To initial solutions during synthesis 2.5
wt% of H3;BO; were added. Change in the synthesis route brought the
difference in the composition and promoted formation Sr;Al,O4 (ICDD#04-
007-5481) phase after heating at 1000 °C for 4 h (Figure 9.2a, c). In the case
of tris-amine the Sr;Al,O4 and SrAl,O4 phases with higher diffraction peak
intensity compared to EDTA route have formed. Also additional traces of
SrAl,O; phase were also observed. However, twice repeated annealing at
higher temperature (1400 °C) resulted only in small fraction of S4A7 in
strontium aluminates blend (Figure 9.2b, d). It is worth to mention that

addition of 2.5 wt% H;BO; to the samples after the first [I] step (1000 °C, 4 h)
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resulted in single phase S4A7 at 1300 °C. Therefore, it can be concluded that

boric acid is lost during the initial combustion process.
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Figure 9.2 XRD patterns of S4A7:Sm samples prepared by combustion and annealed
at: (a) [1] 1000 °C for 4 h (Trisamine 1:0.5), (b) [1II] 1400 °C for 8 h (Trisamine
1:0.5), (c) [1] 1000 °C for 4 h (EDTA 1:0.5), (d) [1l1] 1400 °C for 8 h (EDTA 1:0.5).

9.3. Synthesis Conditions Influence on Samarium Oxidation State

The photoluminescence spectra of S4A7:Sm’> (1 %) annealed under CO
atmosphere are shown in Figure 9.3a. The emission spectrum of exclusively
trivalent samarium (Sm’") is dominated in samples after second annealing step
([I1] under CO) by transitions from the “Gs, excited state located at about
18000 cm'. Due to the large energy gap of about 7000 cm ™' to the next lower
level, the *Gsy, relaxation is predominantly radiative. The strongest emission is
observed in the red part of the spectrum. For the emission of Sm”" ion in S4A7,
prominent peak sets are observed at 561, 599, 646 and 705 nm (excitation
wavelength 399 nm). The peak position variation is negligible with the host

lattice and is assigned to the intra-4f-shell transitions from the excited state
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4G5/2 to ground levels 6H5/2, 6H7/2, 6H9/2 and 6H11 n (Figure 9.3a). Fine structure
of photoluminescence emission spectra are governed by the Stark effect caused
by the crystal-field. 4f orbitals of the Sm>" ion are partially filled with five
electrons (4f°) and these unpaired electrons give twice Kramer degeneration in
any crystal-field lower than cubic. The maximum number of Stark sublevels
for Sm®" ion with *>"'L; multiplets is (2J + 1)/2 due to the Kramer degeneracy
of its odd 4f° electron configuration. As expected, for low symmetry, 3, 4 and 5
spectral lines are observed for J = 5/2, 7/2 and 9/2, respectively. Extra peaks
with low intensity at 551, 589 and 633 nm are assigned to the *F3,—°H;
transitions indicating that the *Fs, level of Sm’" is also populated to some

extent.
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Figure 9.3 Excitation, emission and diffuse reflection spectra of S447:Sm annealed at
different conditions: (a) [II] 1300 °C for 8 h under CO atmosphere, (b) [1I] 1300 °C
for 4 h under Hy/N, atmosphere.

The excitation spectra of the specimen were measured by monitoring the
emission at 599 nm (Figure 9.3a). There is associated line structure in the
excitation spectrum, corresponding to the transition within the 4f
configuration from ground-level °Hs), to higher energy levels of Sm’" ion: ~
471 nm (Top+*Msp), 414 nm (°Psp), 399 nm (*Lj3p+°Psp+'Fyp), 373 nm
(‘Pro+'Kizn), 357 nm Dyt Fon+ Psp), 340 nm(°Pyp), 315 nm (°Lysp), 303
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nm (*Psp) [51]. Part of the ligand-to-metal charge-transfer (CT) absorption
band due to the Sm®*-O” interaction appears at 250 nm. The broad absorption
band (250 — 350 nm) in the reflection spectrum does not result in luminescence
and is assigned to defects (Urbach-tailing). However, after the annealing under
stronger reducing conditions (Hy/N,) Sm®" emission is dominant (Figure
9.3b). In S4A7:Sm* (1 %) the lowest 4f°5d' state occurs about 18000 cm™
above the ground "F, level of 4f® and strong 4f-4f luminescence from the °D, to
"Fo4 levels is observed upon excitation of the parity-allowed 4f° — 4f°5d
interconfigurational transitions. The most intensive peak at 691 nm (14472 cm’
" is assigned to the >Dy — 'F, transition representing weaker host influence on
Sm”" as in comparison to more ionic systems: fluorides or fluorohalides [60].
The position of this level depends on the iconicity of the system and
additionally on the size and coordination of the dopant site. The transition, at
slightly lower energy 695 nm (14409 cm™), could be assigned to (II) °Dy — 'F,
of the Sm”" ions occupying different Sr*" site. Substantially lower intensity of
this line indicates non-equal Sr** site occupation regardless even distribution of
Srl and Sr2 cavities [123]. The very weak lines at the both sides of the Dy —
’F, transition are phonon satellite lines, denoted as v in (Figure 9.3b). The
phonon lines are originated from the transition in which °Dy and 'F, states have
different lattice vibration levels. The groups of transitions at around 705, 733,
770 and 813 nm are assigned to Dy — 'Fy, "Dy — 'F,, Dy — 'F; and °Dy —
7F4, respectively. The relative intensity between Dy — 'F, and Dy — F, is a
measure of rare earth ion site symmetry. A lower symmetry of the crystal field
around Sm*” will result in a lower emission intensity of Dy, — 'F, transition
[124], what is clearly visible in Figure 9.3b. Theoretically, the line number of
Dy — 'Fy (J=20,1, 2, 3, 4) transitions of Sm*" in site without central
symmetry should be 1, 3, 5, 7, 9 [125]. Mismatch of experimentally obtained
emission spectra could be explained with insufficient equipment resolution.
The excitation spectrum with several bands corresponding to the 4f-5d
transitions, is shown in Figure 9.3b. The lowest peak of the excitation band

corresponding to the absorption from 'F, ground state to the lowest level of the
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4£°5d" states is situated at around 530 nm (18868 cm™). Figure 9.3b gives the
excitation spectra in the range from 250 to 640 nm by monitoring the 691 nm
emission. The spectrum consists of two broad bands peaking around at 530 and
335 nm (29850 cm™). These bands arise from the 4f°~4f°5d" transitions of
Sm®" ions. Broad band shape is due to the strong electron-phonon interaction.
As the f—d transitions are susceptible to field effects, the higher energy 5d state
of Sm”" is split in to an orbital doublet e, and a triplet t,, state [116]. The band
at 530 nm could be assigned as 'Fy — 4f55d1(eg) transitions to doublet state,
due to narrower shape compared to higher energy band at 335 nm, e.g. 'Fy —
4f55d1(t2g) to triplet state. Parity allowed f-d transition overspread spin-
forbidden f—f lines; consequently, no distinctive peaks are visible in excitation
spectrum. As it can be seen in Figure 9.3b traces of trivalent samarium still

remain in S4A7 after annealing at 1300 °C for 4 h under H,/N, atmosphere.
9.4. Temperature Dependent Luminescence

Figure 9.4 depicts the emission thermal quenching data of samarium-
doped S4A7 sample prepared via combustion method with tris-amine as a fuel.
To obtain single phase material after the first firing step 2.5 wt% of boric acid
was added. Second [II] annealing step at 1300 °C for 8 h under H,/N, reveal
partial Sm®>" reduction to Sm*", even twice longer firing time was insufficient
for reduction process. The Sm”" emission is completely quenched in measured
sample at 300 K, while, as expected [43], no substantial temperature influence
is detected for Sm>" emission. For more obvious representation of quenching
process in Figure 9.4b emission integrals against temperature are plotted for
mixed valence samarium; for Sm®" integrated in range 500 — 680 nm and 680 —
900 nm for Sm*". In Figure 9.4c fitted data are given where rough estimation
of TQ,,, for Sm*" is more than twice higher if compared to Sm*", 666 K and
269 K, respectively. This confirms the theoretical viewpoint that pure f—f
transitions are less susceptible for thermal effects than transitions where d-

states are involved.

97



(a)
Sr,. . Sm__ Al O,

3,96 0,04" 14 25+ 0,8
[l1] 1400°C, 8h, H,N,
{Trisamine 1:0.5 + [ll] 2.5 wt% H_BO }
Ag, = 399nm

® Normalized Integral of Sm** emission|

= Boltzmann Fit
A, =404 nm

TQ, = 666 K

° ized Integral of Sm** emission|
= Boltzmann Fit
A, =404 nm

Integral [normalized to 100 K]

Relative Intensity

Iree ¥
550 600 650 700 750 800 850 500 600 700
3

A, nm 800 900

Figure 9.4 Temperature dependent emission data for mixed-valence samarium-doped
S4A47 sample, prepared by combustion with trisamine: (a) emission under 399 nm
excitation, (b) Sm* " emission integrals, (c) emission TQ,, value estimation for

Sm3+/2+,

In Figure 9.5 the thermal quenching data is displayed for divalent
samarium emission prepared via solid-state method. Differently than in
previous case main emission is from Sm>" and only traces of Sm>" emission is
detected. This circumstance leads to assumption that flux (H3;BO;) has
considerable effect on samarium reduction process. In Figure 9.5¢ fitted data
are given for Sm>" emission against the temperature. There is no significant
difference between TQ,, values of only divalent (275 K) and mixed-valence
Sm-doped sample suggesting weak interaction between Sm”" and Sm’" ions.
Also it is necessary to mention that no broad band emission is detected up to
500 K. Usually Sm*"-doped materials exhibit band 4f°5d' — "F; emission in
the range of 600-800 nm due to thermal population of low lying 4f°5d' [126].
Absence of broad emission indicates high enough energy gap between "D, and
the lowest 4f°5d' levels leading to negligible thermally excited electron
bridging. However in this scenario the emission lines from *D; — 'Fj in the
range 600 — 700 nm are expected [127]. But emission data given in Figure

9.5a does not show any visible lines at suggested wavelength indicating
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efficient multiphonon relaxation from the higher 5D1,2,3 to °D, level regarding
small energy difference between those states. D, — Dy levels, with expected
energy difference around 1300 cm™, could be bridged with two phonons with
energies of about 650 cm™, typical for aluminates. Reflection spectra in
Figure 9.3 at room temperature indicate broad absorption band in the range of
500 to 750 nm probably from impurities or defects presence in the system. This
band also aggravates detection of transitions from higher *D; — ’F; levels,

which usually have low intensity compared to main Dy — 'F,, transition.
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Figure 9.5 Temperature dependent emission data for divalent samarium-doped S4A47
sample, prepared by solid state with H3;BOj3 flux: (a) emission under 399 nm
excitation, (b) Sm’" emission integrals, (c) emission TQ,,, value estimation for N/

9.5. Time Resolved Spectroscopy

Time dependent emission data against the temperature of S4A7:Sm
samples are given in Table 9.1. All decay curves are bi-exponentially fitted
and average lifetimes («v>) are calculated using formula given in table. Decay
data correlate well with temperature dependent emission; for Sm®" lifetime
decrease gradually while for Sm*" at quenching temperature t value drops

sharply. For Sm®" measured average emission lifetimes falls in to the typical
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2.5 — 2.8 ms range [128]. Decay for Sm®" is approximately twice faster (1.4 —

1.5 ms) indicating different photoluminescence mechanism, as stated above.
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Figure 9.6 Divalent and trivalent samarium emission decay values plotted against the
temperature.

Deviation from single exponential decay might be caused by defects in the
S4A7:Sm system what explains low relative percentage of 1, value. In Figure
9.6 average decay values are plotted («v>) against the temperature. Slightly
higher values for Sm** excited with shorter wavelength radiation present the
time difference necessary for electron relaxation to lowest “Dy state from high
lying 4£°5d' band.

Table 9.1 Temperature dependent lifetime data for divalent and trivalent samarium

emission in SryAl;4055 host.
A

Name & rew 1k g B, o Rel%| 2 & B, o Rel%|| 42 Dubin w

nm nm us us us
S4A7:Sm* 399 599 100 226 86 238 63 63 3027 151 263 15 937 || 1,174 1,828 0,135 2850
[1] 1300°C, 8h, CO -Il- - 150 240 92 227 59 66 2981 158 258 16 934 || 1,247 1868 0,258 2799
Solid State, 2.5 wt% H,BO, -/ -II- 200 214 84 221 61 63 2908 157 241 1,5 937 || 1,161 1793 0365 2738
-1l -ll- 250 245 94 219 58 7, 2881 157 244 16 929 || 1,176 1,843 0202 2694
-1l- -ll- 300 253 90 226 55 83 2844 164 221 16 917 || 1,225 1,796 0223 2628
-II- II- 350 216 81 211 57 7,7 2833 172 193 14 923 |[ 1,332 1529 0095 2632
-II- -II- 400 214 88 188 54 74 2761 191 182 14 926 || 1,200 1,827 0077 2573
-II- -II- 450 182 77 198 61 67 2697 169 186 1,3 933 [[ 1,201 1768 0212 2529
-1l -1l 500 229 100 166 50 78 2721 189 167 14 923 || 1,152 1849 07166 2528
S4A7:Sm* 399 691 100 389 136 366 7,3 132 1744 107 537 62 868 || 1,185 1,888 1,040 1565

[li] 1300°C, 4h, H,/N, -l -l 150 375 125 384 74 136 1704 10,3 535 6,1 864 1,168 1,878 1201 1523
Solid State, 2.5 wt% H,BO, /- -II- 200 397 125 397 73 157 1702 112 49 6,4 843 || 1,166 1,800 0,901 1497
-1l- -1I- 250 373 129 372 75 150 1573 102 499 65 850 ([ 1,175 1,886 0904 1393

II- - 300 154 43 718 132 47,1 497 106 250 133 529 || 1,122 1820 1789 335
Average lifetime 335 -II- 100 428 194 293 7,7 99 1777 97 644 7,1 90,1 || 1,064 1,947 -0006 1644

., N -II- -II- 150 353 166 285 7,6 84 1723 86 637 59 916 || 1,500 1,961 0059 1608

(r) = B, T, + Bg T -1l Il 200 418 192 294 79 103 1716 101 623 7,3 897 || 1,903 1898 -0015 1582
B,r, +B, 1, Il -II- 250 360 167 294 7,7 96 1597 84 621 65 904 || 1,010 1853 0,095 1478

-1l -II- 300 142 91 474 252 242 401 82 526 279 758 || 1,022 2070 0328 338
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9.6. Review of Main Results

It was determined that the synthesis route has a crucial influence on the
formation of SryAl 40,5 phase. The solid-state method with addition of H;BO;
flux leads to monophasic S4A7 compound at 1300 °C for 4 h. However,
formation of phase pure SryAl;4,O,5 1s aggravated during combustion process
most likely due to fluxing additive loss. Divalent samarium-doped single phase
Sr,Al40,5 was synthesized via solid-state method, while combustion synthesis
resulted only in partial reduction of doped lanthanide. The samarium emission
spectra presented sharp and well resolved peaks; for Sm*" ‘Gs,, — °H; J=5/2,
7/2, 9/2 and 11/2) transitions were detected in the 550 — 725 nm range, for
Sm?* Dy — Fy.4 transitions were assigned in the 690 — 840 nm range. The
spectral feature of Sm®" emission spectrum indicated the low symmetry site
occupation in S4A7. Excitation spectra in the range of 250 — 640 nm resulted
in sharp 4f-4f° transitions for Sm*" and broad 'F, — 4f°5d" absorption bands
for Sm*". Difference of estimated emission thermal quenching (TQ,;) values
was defined for both samarium oxidation states. Sm>" loses half of its
integrated emission intensity at around 650 K while for Sm®" temperature
influence is more pronounced (TQ;, = 270 K). Additionally temperature
dependent emission lifetimes were determined: ~ 2.5 — 2.8 ms for Sm®" and
~1.45 — 1.65 ms for Sm*". However, some of observed phenomena still require
more detailed studies. The crystal-field splitting of Sm*" emission rise some
discrepancies, because there are fewer transitions detected as theory predicts.
Besides, it is not clear broad emission band absence at higher temperature,

which is typical for Sm** due to lower 4f°5d' state thermal population.
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Chapter 10. Conclusions

1. Samarium substituted Sr;,Sm,B4O; samples were prepared by solid-state
synthesis route at 900 °C. The samarium reduction to divalent state was
achieved under air at high temperature. The phase purity was confirmed by
XRD measurements. To avoid the residual phases annealing should be
repeated at least three times.

2. Minor Sm®" emission were detected, despite the variation in annealing time
and dopant concentration. Additionally, no influence of SmB;Oq side phase
on Sm>" emission intensity was observed.

3. The main single Dy — 'F, emission transition of Sm*" was detected at
685.5 nm (14588 cm™) indicating single samarium crystallographic site
occupation. Measured crystal field splitting of higher levels resulted in
approximation of C, or lower symmetry site for Sm*". Estimated Stokes
shift for Sm>" d-f emission is = 1600 cm™ in SrB,4O;. The vibronic
transitions with energy difference about 98 cm™ were found even at 100 K
for the zero phonon line "Dy — "F,) of Sm*".

4. The temperature dependency of emission decay time of Sm*" in SrB,O; was
evaluated. All the measured decay curves are fitted with single exponent.
The observed saturation of decay time values for higher than 2.5 %
samarium substitution indicate absence of Sm®" concentration quenching,
due to negligible interaction between optically active ions.

5. Orange-red emitting Lagg9SmgoMgBsOp and Gdgge9Smg(;MgB;50,¢
photoluminescent materials were synthesized by a solid state reaction
method at 1020 °C for 8 h. The phase purity was confirmed by XRD
measurements.

6. Exclusively Sm®" emission was detected containing four emission bands
corresponding to the *Gs,—°Hs), °Hypp, ®°Hopy and °Hyy) transitions peaking
at 560, 600, 650 and 710 nm, respectively, upon excitation at
Hs,—*L130+° P30+ Frp (402 nm) have been observed. Additionally,
4F3/2—>6Hj transitions were also detected indicating that the *F3), level of

Sm’®" is also populated to some extent.
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7.

10.

1.

12.

By direct excitation of Gd*" at 274 nm intense Sm’>" emission was measured
indicating an efficient energy transfer from Gd>* to Sm’>". The luminescent
kinetics data are fitted by single exponential curve giving experimental
lifetime values in the range of 2.2 — 2.4 ms. The decay lifetimes for Sm®*
emission upon direct excitation of Gd*" is around 0.1 ms longer, confirming

the energy transfer phenomena.

. It was determined that the synthesis conditions have a crucial influence on

the formation of SrAl;,O,9 single phase. The combustion with EDTA
resulted in single magnetoplumbite phase at 1500 °C, which was confirmed

by the experimental data.

. Even strong reducing conditions (H»(20 %)/N,(80 %) and high temperature

(1700 °C) produce trivalent samarium substituted magnetoplumbite
structure (SrA112019:Sm3 "and LaMgA111019:Sm3 B powder samples.

It was determined that H3;BO; flux greatly promotes the formation of
Sr4Al 40,5 phase. The S4A7 compound is obtained at 1300 °C for 4 h with
2.5 wt% of flux in precursor mixture. The combustion synthesis route
exhibited the main drawback due to loss of the flux during burning of initial
gels. Divalent samarium-doped single phase SryAl 40,5 was synthesized via
solid-state method under strong reducing atmosphere (H,/N,).

The samarium emission spectra presented sharp and well resolved peaks; for
Sm** 4G5/2 — 6HJ (J=5/2,7/2,9/2 and 11/2) transitions were detected in the
550 — 725 nm range, for Sm*" °Dy — "F4 transitions were assigned in the
690 — 840 nm range. The spectral feature of Sm”*" emission spectrum
indicated the low symmetry site occupation in S4A7.

Difference of estimated emission thermal quenching (TQ;,) values was
defined for both samarium oxidation states. Sm>" loses half of its integrated
emission intensity at around 650 K while for Sm*" temperature influence is
more pronounced (TQ;, = 270 K). Additionally temperature dependent
emission lifetimes were determined: =~ 2.5 — 2.8 ms for Sm’" and ~1.45 —

1.65 ms for Sm*".
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