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Chapter 1  
General Introduction 

Abstract 
Luminescence is indispensable for our daily life. In order to make our lives abundant and advanced, a 

number of functional luminescent materials have been developed every day. In this chapter, as the 

general introduction, the mixed-anion phosphors that are focused on as the novel functional materials 

are overviewed. Although the type of luminescence is determined by the cation species acting as the 

activator, the luminescence properties depend on the electronic structure and coordination environment, 

which can be controlled by the coordinating anion species. In the research on luminescent materials, the 

anion-based material design is a useful strategy. Some studies about the mixed-anion phosphors 

following these concepts are introduced. The purposes and contents of the studies in this dissertation are 

briefly explained.  
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1.1. Introduction of Luminescent Materials 

People in the 2020s are surrounded by a variety of lights. The environment around us has been 

drastically changed; in particular, we have witnessed the remarkable development of 

optoelectronics in the last two decades. Widespread use of light-emitting diodes (LEDs) 

provides very large high-resolution displays in the city and very bright traffic lights. Inexpensive 

and mass-produced blue LEDs enable us to enjoy white LEDs for the solid-state lighting device, 

which is energy-saving and eco-friendly. Tiny, thin, and flexible light-emitting devices, such as 

micro-LEDs and organic-LED films, play an essential role in brilliant display panels for 

smartphones and laptops. The development of a light-amplifying system for optical fibers 

facilitates high-speed data transmission, leading to our better working environments with 

telework and the Internet of Things (IoT). The state-of-the-art devices utilizing invisible light 

will be inevitable for the health and safe lives; near-UV light is used for the inactivation of 

coronavirus or the bacteria elimination [1], and near-infrared (NIR) light is applied to sensing 

the heat like body temperatures or the molecules included in foods [2]. Lighting applications in 

the next generation undoubtedly enrich our lives and develop technologies. 

     There are two types of light-emitting phenomena in solids. One is black-body radiation, 

whose emission wavelength depends only on temperature. In terms of lighting applications, 

black-body radiation is not desirable because of its low efficiency with heat emission. 

Luminescence is another light-emitting phenomenon without thermal radiation, which is widely 

used in a variety of applications, as mentioned in the previous passage. The quantum mechanical 

illustration of luminescence is provided in Chapter 2. Inorganic luminescent materials, such as 

phosphors and scintillators, are usually designed by doping a small number of impurity ions 

(luminescence centers) in inorganic solid-state hosts and forming local energy levels in the host 

bandgap. Typical luminescence centers in inorganic phosphors are emphasized in the periodic 

table of elements shown in Figure 1.1. Four groups of elements are regarded as the luminescence 

centers; transition metal (TM) ions, lanthanoid (Ln) ions, ns2-type ions, and cluster-type ions 

with TM ions. These luminescence centers are described briefly below; 

  



Chapter 1. General Introduction 

3 

 

 Transition metal (TM) ions, mainly the first transition series in period four, show 

luminescence attributed to d-d forbidden transition. Because the Clarke number of these 

elements is relatively high, they are widely used for functional materials, not only for 

luminescent materials but also other applications, such as batteries, magnetics, and 

superconductors. The optical absorption related to TM ions has been well-known as a 

color center of gems and minerals, e.g., ruby (Al2O3:Cr3+), sapphire (Al2O3:Fe3+,Ti3+), 

emerald (Be3Al2Si6O18:Cr3+), and red beryl (Be3Al2Si6O18:Mn3+) [3]. The optical properties 

of d-d transition depend on the crystal field strength of incorporated sites by TM ions, 

leading to various luminescence and body colors ranging from the visible to NIR region. 

Energy levels for electronic transitions are described by the Tanabe-Sugano diagram, 

depending on Dq/B (Dq: crystal field strength, B: Racah parameter, which is correlated 

with electrostatic repulsion between electrons). The detailed description is referred to in 

the textbooks [4,5].  

 Luminescence of lanthanoid (Ln) ions is widely used in various applications, such as LED 

lighting [6,7], laser optics [8,9], optical fiber amplification [10–12], and persistent 

phosphors [13,14]. Considering the natural abundance of elements, lanthanoids are not 

rare but richer than other noble metals, including Ag, Au, Pd, Ir, and In [15]. Recently, it 

has been reported that an enormous amount of minerals containing lanthanoids is found 

in the deep-sea mud taken at the western north pacific ocean around Minamitorishima 

(Japan) [16,17], leading to further research on lanthanoid-based functional materials in 

the future. There are two types of radiative electronic transition for Ln ions; 4f-4f and 5d-

4f transition. The 4f-4f forbidden transition for trivalent Ln ions shows very sharp 

spectral lines in the visible to NIR region. The 4f energy levels for Ln3+ ions are shown in 

Figure 1.2 (Dieke diagram). The positions of rich energy levels are almost independent 

of local environments due to shielding of inner 4f orbitals by outer 5s and 5p orbitals, 

resulting in specific luminescence colors of Ln3+ ions. On the other hand, the properties 

of the 5d-4f transition severely depend on the crystal field around Ln ions. The 5d-4f 
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transition is observed only in specific Ln ions, such as Ce3+, Pr3+, Eu2+, and Yb2+ ions with 

relatively low 5d excited levels. The 5d → 4f luminescence is utilized in some commercial 

phosphors, e.g., Y3Al5O12:Ce3+ and CaAlSiN3:Eu2+ for white-LEDs, and SrAl2O4:Eu2+-Dy3+ 

for a persistent phosphor with a long duration over 30 h. The Ln ions are important 

luminescence centers supporting our convenient and advanced lives. Detailed 

descriptions of the 5d-4f and 4f-4f transitions are provided in sections 2.1.2 and 2.1.3. 

 Some heavy metal ions, such as Sn2+, Sb3+, Hg0, Tl+, Pb2+, and Bi3+, are regarded as the ns2-

type luminescence center. They show the optical absorption and emission related to the

ns2-nsnp transition. The physical properties of the ns2-type centers have been

investigated in various alkaline halide hosts [18–20]. In particular, broad luminescence

bands of non-toxic Bi3+ have been studied in many oxides for optical applications [21,22].

 The polyhedra or clusters formed by TM ions have the potential to show luminescence

by the radiative transition between the molecular orbitals. The TM ions in the high

oxidation states, such as V5+, W6+, and Mo6+, form TMO4 tetrahedra, which show efficient

luminescence from the charge transfer (CT) states between TM d and O 2p orbitals (see

section 2.1.4). The uranyl ion [UO2]2+ and the tetracyanoplatinate ion [Pt(CN)4]2− also

show interesting luminescent phenomena related to the CT transition [23–25]. The

luminescence properties of these clusters are discussed with the molecular orbital

formed in them.

By selecting the optimal centers strategically, many researchers have been working to realize the 

desirable and promising properties. The luminescence properties of these ions and clusters 

largely depend on the physical and chemical characters of the ligand field and the electronic 

structure of host compounds. In many cases, cations play a role of “function,” whose properties 

significantly depend on the coordinating anions. Therefore, it is essential to select not only the 

optimal cations as the luminescence centers but also anions that can bring about unique features 

that are not observed in conventional materials.  
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Figure 1.1. Periodic table of elements, emphasizing the four groups of elements that act as luminescence centers in 
inorganic compounds and the group of nonmetal elements forming anions. 
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Figure 1.2. Energy levels of the trivalent lanthanoid ions (Ln3+) in the LaCl3 host (Dieke diagram) [26]. 
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1.2. Mixed-Anion-Type Luminescent Materials 

For many years, an enormous number of functional solids have been studied for a variety of 

applications, such as electronic and optical devices, catalysts, batteries, magnetics, and 

superconductors, to realize our prosperous life. The accumulation of knowledge based on 

experiments and theoretical calculations brings about deep understandings of the physical 

properties of “mono-anion” compounds, including oxides, halides, nitrides, and sulfides, and 

contributes to improving these properties. However, now that the crystal structures and 

morphologies have been already optimized, the material exploration of existing mono-anion 

compounds stagnates, and the breakthrough for novel functional materials groups is required.  

    Recently, more and more researchers have focused on the “mixed-anion” compounds, 

which contain two or more kinds of anions in their composition. While the conventional mono-

anion compounds can take a variety of structures through cation substitution, the variation of 

the local structure around cations is restricted because only one type of anion with a negative 

formal charge forms the coordination polyhedra. For example, in the perovskite-type 

compounds that are used in various functional materials, the site-symmetry of cation sites, 

particularly octahedral sites, is not largely affected and distorted. On the other hand, for mixed-

anion compounds, one can drastically change the local environments around cations by tuning 

various parameters, such as the composition ratio of anions and the geometrical positions (i.e., 

cis and trans). Because each anion has different nature (formal charge, ionic radius, 

electronegativity, and dipole polarizability), the unique properties related to mixed-anion 

compositions are expected.  

    The basic concepts of functionalization of mixed-anion compounds are summarized in 

the review article [27]. Eight features are listed as follows: Tuning crystal field splitting (CFS); 

Bandgap control; Local degree of freedom; Local asymmetry; Bonding differentiation; Anion 

diffusion and reaction; Dimensional reduction; and Molecular anions. The important concepts 

for functional luminescent materials and examples in this dissertation are summarized in Figure 

1.3.  

i. Tuning CFS. The degenerated d levels of TM ions in the free-ion state are dispersed,
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and the degree of CFS depends on the crystal field strength of the coordination 

polyhedron. For instance, in the regular octahedron with Oh symmetry, the d orbitals 

are split into t2g and eg orbitals. When one of the six coordinating anions is replaced by 

another type of anion, some symmetry elements are lost, and the degenerated t2g and 

eg levels are resolved, leading to the greater CFS. In the case of oxyhalide-tungstates, 

the five-fold square pyramid caused by the introduction of bigger Cl− than O2− shows 

different optical properties from the oxide-tungstates with six-fold octahedra (Chapter 

9). 

ii. Bandgap control. Unlike mono-anion compounds, it is relatively easy in mixed-anion

compounds to control the energy level of the valence band top. Especially in the case

of oxynitrides, the valence band top elevates because the valence band is mainly

composed of N 2p orbitals. Thus, the Eu3+-doped oxynitrides show the redshifted CT

excitation bands due to the elevation of the valence band, resulting in the near-UV

excitable Eu3+ red luminescence (Chapter 3, 4).

iii. Local asymmetry. It is possible to reduce the local symmetry by anion substitution.

For instance, Oh symmetry of the regular octahedron is reduced into C4 symmetry by

one-anion substitution and into C3 symmetry by three-anions substitution. In

particular, the 4f-4f transition strength is drastically enhanced by the missing inversion

center (Chapter 4).

iv. Bonding differentiation. The bonding nature between cation and anion (i.e., ionic vs.

covalent) influences the transition strength of specific transitions. The covalent Br−

coordination enhance Eu3+ deep-red luminescence at around 700 nm (Chapter 8).

Thus, the mixed-anion compounds are a promising strategy for the development of novel 

functional luminescent materials. Here, some examples of research on phosphors in various 

mixed-anion compounds are briefly introduced.  



Chapter 1. General Introduction 

9 

Figure 1.3. Expected features for mixed-anion-type luminescence materials, based on the concepts of 
functionalization of mixed-anion compounds suggested in the reference [27]. i. Extensive tuning of crystal field 
splitting (CFS). The large CFS brings about a redshift of the luminescence band. ii. Non-oxide anion with lower 
electronegativity (vs. oxide) in semiconductors raises the valence band top and narrows the bandgap. The charge 
transfer excitation energy for Eu3+-doped materials lowered, depending on the electronegativity of ligands. iii. Local 
coordination asymmetry. The Oh symmetry of the regular octahedron is lost by replacing ligands. Lacking an 
inversion center enhances the 4f-4f luminescence intensity. iv. Covalency and ionicity can be turned to acquire 
desired functions, leading to variation of line strengths for specific 4f-4f transition. 
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1.2.1. Oxynitrides 

Oxynitrides contain nitrogen and oxygen that are adjacent to each other on the periodic table 

of elements, in which each anion is in aliovalent N3− and O2− states. Nevertheless, because of the 

similar ionic radii of N3− and O2− ions, there are many reports on oxynitrides with a similar 

structure to oxides, accompanied by the proper charge compensation [28]. The more covalent 

bonding between N3− and metal cations due to the small electronegativity of N leads to a number 

of stable oxynitrides in the ambient atmosphere. Many oxynitride materials, including α- and β-

SiAlON [29–32], are utilized as the host compounds for practical and commercialized 

phosphors [33]. In order to prevent N desorption, oxynitride compounds are synthesized with 

a variety of methods, such as not only the conventional solid-state reaction but also the high-

pressure synthesis [34–36], topochemical reaction [37], high-temperature ammonolysis [38], 

and nitridation reaction with solid nitriding agents [39], possibly leading to new functional 

luminescent materials.  

    The oxynitride phosphors activated with Ce3+ or Eu2+ tend to show luminescence with a 

longer wavelength than many oxide phosphors because of the nephelauxetic effect caused by 

covalent N3− ions (as explained in detail in section 2.1.2.2). In other words, the higher 

polarizability the coordinating anions take, the larger the centroid shift of the 5d levels is. Since 

the polarizability of anions is correlated with the refractive index of the host materials, the 

materials with a high refractive index can show the largely redshifted Ce3+ or Eu2+ luminescence. 

The dipole polarizability of N is larger than that of O [40]. Thus, oxynitrides and nitrides are 

desirable host materials for LED phosphors with a large redshift of Ce3+/Eu2+ luminescence [41]. 

    In terms of the electronic structure, the bandgap of oxynitrides is smaller than that of 

oxides because the valence band top elevates due to the N 2p orbitals. In particular, the 

oxynitrides composed of transition metal ions with d0 or d10 electronic configuration have a 

small bandgap of ~2.0 eV, resulting in a number of studies about visible-light-driven 

photocatalysts [27,42]. Such a small bandgap for photocatalysts is not suitable for phosphor 

materials because the localized energy levels of impurity ions are buried in the host bandgap, 

and the excited states are immediately quenched through the auto-ionization process. 
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Nevertheless, for other oxynitrides with only main-group or rare-earth elements, some unique 

luminescence properties of activators are expected by tuning to some extent the relative 

positions of impurity energy levels with respect to the host conduction and valence bands. The 

tunable valence band can bring about some unique properties, such as near-UV excitable Eu3+ 

luminescence [43] and Eu3+ persistent red luminescence through the hole trapping-detrapping 

scheme [44].  

1.2.2. Oxyhalides 

For many years, halides have been studied for phosphor materials due to the wide bandgap and 

their stabilities. In particular, researchers have focused on alkaline halides to investigate and 

understand the luminescence phenomena related to impurities and point defects. At the same 

time, some oxyhalides have been studied because it is not difficult to synthesis them. As 

examples of oxyhalides for the phosphor host, there are the rare-earth oxyhalide REOX (RE: 

rare-earth, X: halogen) with the PbClF-type structure (space group: P4/nmm) [45], the 

halosilicates of LaSiO3Cl or Ca3SiO4Cl2 [46–48], and the apatite-type halophosphates 

Ca10(PO4)6F2 or Sr10(PO4)6Cl2 [46,49]. The red luminescent K2Ca(PO4)F:Eu2+ (fluorine oxygen 

ligand phosphor: FOLP) is reported as a practical phosphor [50]. The FOLP:Eu2+ with a new 

monoclinic structure (space group: P21/m) absorbs not blue but only near-UV light, leading to 

the quite large Stokes shift of 11130 cm−1. The phosphor-converted LED device consisting of a 

near-UV LED chip and various phosphors, including FOLP, shows warm-white emission [50]. 

    Halide anions X− (X = F, Cl, Br, and I) has a smaller formal charge of monovalent −1 than 

the oxide anion O2−. Cl−, Br−, and I− ions have a smaller electronegativity than O2−, while F− takes 

a large electronegativity of 3.98 [51]. Because Cl−, Br−, and I− ions have a large ionic radius [52], 

it is difficult to replace O2− sites in oxides. Considering the Hard and Soft Acid and Base (HSAB) 

theory, Br− and I− ions, which are soft acids, tend to form bonding with soft bases, possibly 

resulting in a layered structure. These features in oxyhalides provide unique coordination 

environments formed by both X− and O2− ions. The RE sites in REOX with the PbClF-type 

structure form the nine-fold monocapped square antiprism with five O2− and four X− ions [53]. 

The Y3+ sites in Ba3Y2O5Cl2 with the Ruddlesden-Popper phase (n = 2) form the five-fold square 
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pyramid [YO5]7− because of the long interatomic distance between Y3+ and Cl− ions [54]. These 

various coordination polyhedra can affect the 4f-4f and 5d-4f transition of Ln ions. The 

difference in the electronegativity or polarizability of X− ions can induce the variation of 

transition strength for the 4f-4f transition [55]. Besides, a series of haloborate glass shows the 

unique body colors related to trapped X2 molecules in the glass matrix [56]. Despite the fact that 

it has been extensively studied, further investigation into the luminescent and optical properties 

of oxyhalides is still required.  

1.2.3. Oxysulfides 

Oxysulfides have been utilized as phosphor hosts, leading to some practical materials. The 

important materials are Y2O2S:Eu3+ and La2O2S:Eu3+, which were used as the red phosphors for 

the cathode-ray tubes and brought about a revolutionary development in color television [57,58]. 

In recent, Murazaki et al. found out that the Y2O2S:Eu3+-Mg2+-Ti4+ phosphor show red persistent 

luminescence with duration over three hours [59]. For the Eu3+-doped oxysulfides, the CT 

excitation bands are redshifted and located at the near-UV region of 320–380 nm because of the 

S 3p orbitals. 

    There are only a few reports of oxysulfide phosphors except for RE2O2S. Compared with 

oxynitrides, many oxysulfides are chemically unstable and easily react with moisture in the air. 

Although the O2− and S2− ions are isovalent, the isostructural oxysulfides with oxides cannot be 

obtained by replacing O2− into S2− ions because of the nonequivalent ionic radii (S2−: 1.84 Å, O2−: 

1.38 Å) [52]. Due to their chemical and structural instability, oxysulfides require further material 

exploration for functional luminescent materials.  

1.2.4. Oxyhydrides 

In recent years, there has been an increasing number of reports about compounds containing 

hydride anions H−. Hydrogen can be a monovalent anion with the same electronic configuration 

of 1s2 as He. For this reason, H is placed on F in the periodic table in Figure 1.1. Note that H 

undoubtedly is placed on Li in the periodic table of elements defined by IUPAC because H has 

an electron in the outer 1s orbital. H− ions have unique features [27]; the size of H− ions is 
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extraordinarily flexible because the number of electrons is quite small (only two); the H− ions 

without any p orbitals show characteristic chemical bonding nature by preventing the π-

bondings between molecular orbitals.  

    There are many reports about (oxy)hydride-type phosphors, which are introduced in 

detail in the review article by Kunkel [60]. Although many (oxy)hydrides are unstable in the 

ambient atmosphere, some are stable. The Sr2LiSiO4H:Eu2+ phosphor shows the redshifted 

luminescence, compared with the isostructural oxyfluoride Sr2LiSiO4F:Eu2+, because of the 

nephelauxetic effect caused by the covalent H− ions [61,62]. For the GdHO:Tb3+ phosphor, the 

5d-4f and CT excitation bands are located at the lower energy side than those for Gd2O3:Tb3+ 

[63]. The redshift of the 5d excited states is explained by the nephelauxetic effect, and the 

redshifted CT band suggests that the contribution of H 1s orbital to the host valence band is 

more significant than that of O 2p orbitals. There are some reports about not only oxyhydride-

type but also halohydride-type phosphors [64,65], and further research is expected in the near 

future.  

1.2.5. Other Non-Oxide Type Compounds 

Carbonitridesilicates RE2Si4N6C, composed of the covalent [SiN3C] tetrahedral units, show high 

Debye temperatures and excellent mechanical and optical properties, which is expected for 

phosphor applications. In the star-shaped unit [SiN3]4C, the C4− ions with the sp3 hybridization 

bridge four tetrahedra. Although there are some reports about the luminescence properties of 

Ce3+-doped RE2Si4N6C [66,67], in which the researchers have considered applications for LED 

phosphors, the quenching temperature is not so high as would be expected from the Debye 

temperature.  

    The PbClF-type structure is common for the mixed-anion compounds with monovalent 

and divalent anions when the cation is a trivalent rare-earth ion. To form this structure, the ratio 

of the ionic radius among the RE3+ ion and anions is important, resulting in the structure of 

some halochalcogenides. The fluorosulfide α-YFS has the PbClF-type structure, in which the Y3+ 

ions are coordinated by four F− and five S2− ions. The mixed-anion coordination with ionic F− 

and covalent S2− ions is interesting. The Ce3+-doped α-YFS phosphor shows the unique deep-red 
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luminescence, which is not observed in other Ce3+-doped compounds [68]. This deep-red 

luminescence is observed even at high temperatures (~500 K), assigned to the Ce3+: 5d-4f 

transition. For the PbClF-type structure, it is possible to design the structure by inserting 

fluorite-type blocks in between, as in the case of layered perovskites [69].  

    There are more and more reports about phosphors containing molecular anions. For 

example, the BaCN2:Eu2+ phosphor, which includes the cyanamide ions CN2
2−, shows the red 

luminescence because of the strong crystal field caused by the short Eu-N bonding [70]. Besides, 

Eu2+ luminescence in BaCN2 is sensitive to the induced pressure because of the small bulk 

modulus [71]. Recently, the mixed-anion phosphor with O2− and CN2
2− ions was reported [72]. 

The CT excitation band for the La2O2CN2:Eu3+ phosphor is redshifted, resulting in the near-UV 

excitable Eu3+ red luminescence.  

1.3. Purpose and Outline of This Dissertation 

The purpose of this dissertation is to investigate how the unique electronic structure and local 

environment of various mixed-anion compounds affect the properties of the luminescence 

centers through spectroscopic measurements, and to characterize the luminescent properties in 

a complex manner by combining techniques such as crystal structure analysis and first-principle 

calculations. Ultimately, the goal is to apply them to innovative, world-changing functional 

luminescent materials.  

    In Chapter 1, the strategy of the selection of the luminescence centers and inorganic host 

materials to obtain the desirable luminescent materials is explained. Especially, the recent 

studies on mixed-anion phosphors are introduced.  

In Chapter 2, the theoretical backgrounds, including the physics in the electronic 

transition between two states and the physical and electronic structures of the inorganic host 

materials, are overviewed to understand this dissertation.  

In Chapter 3, the Eu3+-doped oxynitride phosphor, YSiO2N:Eu3+, was synthesized by the 

solid-state reaction method, and its luminescence properties were characterized by the Judd-

Ofelt analysis. Because of N 2p orbitals, the CT excitation band of the YSiO2N:Eu3+ phosphor 
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was located at the near-UV region in 300–340 nm, leading to the near-UV excitable Eu3+ 

luminescence peaking at 626 nm. The results of the Judd-Ofelt analysis reveal that the oxynitride 

coordination [Eu3+O6N2] drastically enhances the hypersensitive Eu3+ luminescence in the 

YSiO2N host. 

In Chapter 4, the relationship between the luminescence properties of Eu3+ ions and the 

local environments of the Eu3+ sites was investigated with site-selective and time-resolved 

spectroscopy. The single-crystal X-ray and neutron diffraction reveal that the prepared YSiO2N 

has the new monoclinic C2/c structure, in which there are five nonequivalent Y3+ sites. In terms 

of centrosymmetry, the Y3+ sites are divided into two groups; Cn sites and Ci sites. The Eu3+ 

luminescence properties in the Cn and Ci sites were characterized, and the results suggest that 

thermal distortion from centrosymmetry induces the electronic dipole transition, resulting in a 

shorter luminescence lifetime.  

In Chapter 5, the anomalous deep-red to near-infrared luminescence in the 

YSiO2N:Eu2+/3+ sample was characterized at low temperatures. The X-ray absorption 

spectroscopy reveals that almost half of Eu ions were in the divalent state in the prepared sample. 

The detailed spectroscopic results conclude that the anomalous luminescence is attributed to 

the recombination emission related to the Eu2+-trapped exciton states in the YSiO2N host. 

In Chapter 6, the Ce3+-doped YSiO2N sample was prepared, and the energy level structure 

of the Ce3+ 5d states is discussed by the characterization of the luminescence properties at 4–600 

K. The excitation spectra reveal that the centroid shift and crystal field splitting of Ce3+: 5d levels

in the [YO6N2] dodecahedra are 2.24 and 1.69 eV, respectively.

In Chapter 7, the vacuum referred binding energy (VRBE) diagram for the YSiO2N host 

was constructed by the experimental spectroscopic data, indicating that Sm3+ or Tm3+ co-doping 

to the YSiO2N:Ce3+ phosphor can cause the Ce3+ persistent luminescence by the electron 

trapping-detrapping scheme. The persistent luminescence properties of the prepared 

YSiO2N:Ce3+-Ln3+ (Ln = Sm, Tm) samples were characterized. The carrier trap distributions of 

the samples were revealed by the thermoluminescence glow curve analyses with the initial rise 

method.  



Chapter 1. General Introduction 

16 

In Chapter 8, the Eu3+-doped oxyhalide YOX (X = Cl, Br) were prepared, and the influence 

of the oxyhalide coordination on their Eu3+ luminescence properties is discussed based on the 

results of the Judd-Ofelt analysis. The covalent Br− ions largely affected the Judd-Ofelt intensity 

parameter Ω4, resulting in the intense Eu3+: 5D0 → 7F4 luminescence at around 700 nm.  

In Chapter 9, the CT luminescence of the five-fold square pyramid [WO5]4− in the 

oxychloride host Ca3WO5Cl2 was characterized, and its luminescence mechanism is discussed 

by using the energy level diagram obtained by ab initio molecular orbital and configuration 

interaction calculation. The luminescence and absorption energies of the CT transition in the 

[WO5]4− were lower and higher, respectively, than that of the [WO6]6− octahedron in the oxide 

Ca3WO6. The Madelung potential related to Cl− ions in the lattice shifted the CT states in the 

[WO5]4− to the high energy. On the other hand, it is suggested that the large structural relaxation 

of the excited CT states in the five-fold polyhedron brings about the redshift of luminescence.  

In Chapter 10, the new synthesis route of the MgB4O7:Ce3+-Li+ ceramics is proposed for 

the optically stimulated luminescence dosimetry application. By annealing the magnesium 

borate glass over 700 ºC, the glass-ceramic MgB4O7:Ce3+-Li+ samples were successfully obtained. 

The dosimetric properties of the glass-ceramic MgB4O7:Ce3+-Li+ were comparable to the 

commercial optically stimulated dosimeter Al2O3:C.  
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Chapter 2  
Theoretical Background 

Abstract 
In this chapter, the fundamentals of luminescence phenomena discussed in this dissertation are 

overviewed briefly. First, the optical absorption and emission processes caused by the interaction 

between matter and light are illustrated from a quantum mechanical point of view. The introduced 

Fermi’s golden rule plays an important role in discussing the transition probability. The 4f-5d and 4f-4f 

transitions in lanthanoid ions show the characteristic features due to the difference in the nature of 4f 

and 5d orbitals. Despite the electric dipole forbidden character, the 4f-4f transition takes a high transition 

probability in the odd-parity field, which is explained by the Judd-Ofelt theory. The luminescence 

phenomena, related not to the intrinsic transition in lanthanoid ions but to the charge transfer and 

exciton states, are discussed. As the characters of host materials provide unique luminescence properties, 

the point groups in crystals and the band structure are illustrated. The local structure around Ln ions is 

characterized by the thirty-two point groups in terms of symmetrical operations. The band structure for 

the luminescent materials activated with lanthanoid ions is described by the vacuum referred binding 

energy diagram, which is very useful to predict the luminescence properties and discuss the 

luminescence mechanisms.  
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2.1. Theory of Electronic Transition for Luminescence 

There are two types of light-emitting phenomena in solids; black-body radiation and 

luminescence. Whereas black-body radiation is the thermal emission of photons leading to 

visible to near-infrared emission over a few thousand kelvins, luminescence usually takes place 

on the solids at ambient temperature, not accompanied by heat emission. Luminescence is 

observed when excited centers (or activators) in solids, such as impurity ions, vacancies, and 

other point defects, are relaxed down into the stable states. In this section, the electronic 

transition related to luminescence is described with a quantum mechanical illustration. Some 

important textbooks are referred to for writing this chapter [1–4]. 

2.1.1. Electronic Transition in Dielectric Materials 

2.1.1.1. Optical Electronic Transition 

In quantum mechanics, localized electrons in ions or molecules have discrete energy levels. The 

optical absorption and emission processes in ions/molecules are regarded as the electronic 

transition between two levels for |n> and |m> states. Figure 2.1 depicts the optical processes 

between two levels; absorption and emission. In Figure 2.1a, the transition from the n to m state 

is induced by absorption of light with the energy of (Em − En). Since the light is quantized as a 

photon, this energy is denoted as hνnm. Here, h and ν are the Planck constant and frequency, 

respectively. The opposite phenomenon of absorption is stimulated emission, depicted in Figure 

2.1b. For the stimulated emission, the electronic transition is induced by light, resulting in the 

light intensity that is proportional to the number of electrons in the state |m>. It is necessary 

that the population inversion is formed to obtain intense emission, in which the number of 

electrons in the excited states is larger than that in the ground states. The population inversion 

is the basis of light amplification by stimulated emission of radiation (laser). On the other hand, 

the light emission also takes place without any stimulation, which is spontaneous emission. Both 

stimulated and spontaneous emission processes are characterized by the photon energy of hνmn. 
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2.1.1.2. Semi-Classical Theory of Optical Transition 

First, the transition probabilities of light absorption and emission are discussed by using a semi-

classical model that treats matter quantumly and light classically. The time-dependent 

Schrödinger equation is as follows; 

�̂�𝐻𝛹𝛹(𝑹𝑹, 𝑡𝑡) = 𝑖𝑖ℏ 𝜕𝜕𝛹𝛹(𝑹𝑹, 𝑡𝑡)
𝜕𝜕𝑡𝑡

, (2.1) 

where ħ is the Dirac constant (= h/2π). If the Hamiltonian Ĥ does not depend on time t, the 

wavefunction of the steady-state m can be divided into temporal and spatial parts and described 

with the eigenfunction of |m> ≡ φm(R) and the eigenenergy of Wm for the Hamiltonian Ĥ0; 

𝛹𝛹𝑚𝑚(𝑹𝑹, 𝑡𝑡) = exp �
−𝑖𝑖𝑊𝑊𝑚𝑚𝑡𝑡

ℏ � |𝑚𝑚⟩. (2.2) 

Here, the effect of the interaction between the dielectric materials and light with an angular 

frequency ω is introduced as a perturbation term Ĥ’ because the interaction energy is usually 

very small; 

�̂�𝐻 = �̂�𝐻0 + �̂�𝐻′. (2.3)

The wavefunction Ψm(R, t) is no longer the eigenfunction of Ĥ. The interaction between matter 

and light is usually very small, and then it is treated as a perturbation term. The eigenfunction 

Ψ(R, t) of Ĥ is described by a linear combination of eigenfunctions of Ĥ0 as follows; 

Figure 2.1. Two levels scheme for (a) absorption, (b1) stimulated emission, and (b2) spontaneous emission 
processes. The black and white circles represent the electrons and holes, respectively. 
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𝛹𝛹(𝑹𝑹, 𝑡𝑡) = �𝑏𝑏𝑛𝑛(𝑡𝑡)
𝑛𝑛

𝛹𝛹𝑛𝑛(𝑹𝑹, 𝑡𝑡). (2.4) 

Here, |bn(t)|2 is interpreted as the probability density that electrons are in state n, and the 

summation of |bn(t)|2 is unity according to the normalization condition. By applying eqs. 2.3 and 

2.4 in eq. 2.1, multiplying Ψm
*(R, t) from the left side, and integrating with R, the Schrödinger 

equation is rewritten below; 

𝑖𝑖ℏ 𝜕𝜕𝑏𝑏𝑚𝑚(𝑡𝑡)
𝜕𝜕𝑡𝑡

= �𝑏𝑏𝑛𝑛(𝑡𝑡)
𝑛𝑛

𝐻𝐻𝑚𝑚𝑛𝑛
′ exp(𝑖𝑖𝜔𝜔𝑚𝑚𝑛𝑛𝑡𝑡) , (2.5) 

where Hmn’ = <m|Ĥ|n> and ωmn = (Wm − Wn)/ħ are given. 

    When an electric field E is induced to atoms, the interaction energy is expressed as 

∑ 𝑒𝑒𝒓𝒓𝑗𝑗 ⋅ 𝑬𝑬𝑖𝑖 , where rj is the coordinate of the j-th electron with respect to the nuclei. Since the 

wavelength of light is large enough for the size of an atom, the location-dependence of the 

photoelectric field in an atom can be negligible (so-called the electric dipole approximation). The 

interaction energy caused by light irradiation with the angular frequency ω is given; 

�̂�𝐻′ = −𝑴𝑴� ⋅ 𝑬𝑬0cos𝜔𝜔𝑡𝑡 = −𝜇𝜇�̂�𝐸0cos𝜔𝜔𝑡𝑡. (2.6)

𝑴𝑴� = ∑ 𝑒𝑒𝒓𝒓𝑗𝑗𝑗𝑗  is the electric dipole (ED) momentum of an atom, and 𝜇𝜇 ̂ is the magnitude of 

the component in the electric field direction. One can treat them as quantum mechanical 

operators, whereas the electric field E0 is treated as a variable; i.e., matter and light are treated in 

quantum and classical theories, respectively. 

    The probability density |bn(t)|2 depends on time t, indicating that the electron transfer 

between different states (i.e., transition) takes place. The probability that an electron in state n at 

time 0 is found in state m at time t under light illumination with constant intensity is discussed. 

First, the eigenfunction in state m bm(t) is described by using eqs. 2.5 and 2.6 as follows; 

𝑏𝑏𝑚𝑚(𝑡𝑡) = �
𝑴𝑴𝑚𝑚𝑛𝑛 ⋅ 𝑬𝑬0

2ℏ � �𝑒𝑒𝑖𝑖(𝜔𝜔𝑚𝑚𝑚𝑚+𝜔𝜔)𝑡𝑡 − 1
𝜔𝜔𝑚𝑚𝑛𝑛 + 𝜔𝜔

+ 𝑒𝑒𝑖𝑖(𝜔𝜔𝑚𝑚𝑚𝑚−𝜔𝜔)𝑡𝑡 − 1
𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔

� . (2.7) 

This equation corresponds to Bohr’s condition; that is, the first and second terms on the right 

side correspond to light emission and absorption, respectively. In the case of absorption, the 

probability density is given by ignoring the first term with ωmn ≈ ω; 
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|𝑏𝑏𝑚𝑚(𝑡𝑡)|2 = |𝑴𝑴𝑚𝑚𝑛𝑛 ⋅ 𝑬𝑬0|2

ℏ2

sin2 �(𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔)𝑡𝑡
2� �

(𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔)2 , (2.8) 

for which the following relationship can be applied, 

1
𝜋𝜋

lim
𝑡𝑡→∞

sin2 �(𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔)𝑡𝑡
2� �

(𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔)2𝑡𝑡
2�

= 𝛿𝛿(𝜔𝜔0 − 𝜔𝜔), (2.9) 

and then, 

|𝑏𝑏𝑚𝑚(𝑡𝑡)|2 = 𝜋𝜋
2ℏ2 |𝑴𝑴𝑚𝑚𝑛𝑛 ⋅ 𝑬𝑬0|2𝑡𝑡𝛿𝛿(𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔). (2.10) 

The probability |bm(t)|2 that electrons are found in state m is proportional to time t. Therefore, 

the transition probability wmn is given as follows,  

𝑤𝑤𝑚𝑚𝑛𝑛 = d|𝑏𝑏𝑚𝑚(𝑡𝑡)|2

d𝑡𝑡
= 𝜋𝜋

2ℏ2 |𝑴𝑴𝑚𝑚𝑛𝑛 ⋅ 𝑬𝑬0|2𝛿𝛿(𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔). (2.11) 

As expected, the transition probability is proportional to illuminated light intensity. Here, 

δ(ω0−ω) is the delta function, which is zero when ω is not ω0 and satisfies the following integrals; 

� 𝛿𝛿(𝜔𝜔0 − 𝜔𝜔)d𝜔𝜔 = 1, 
(2.12) 

�𝐹𝐹(𝜔𝜔)𝛿𝛿(𝜔𝜔0 − 𝜔𝜔)d𝜔𝜔 = 𝐹𝐹(𝜔𝜔0). 

    The delta function has no width, leading to just a line. As the spectral line usually has a 

certain width, the spectral shape is expressed by a given function f (ω) that satisfy the normalized 

condition; ∫𝑓𝑓(𝜔𝜔)d𝜔𝜔 = 1. Besides, the average energy of illuminated light per unit volume is 

set to ρω. If the matter is dilute and takes the permittivity ε0, the ρω is calculated to be ε0|E0|2/2. 

The transition probability in eq. 2.11 becomes; 

𝑤𝑤𝑚𝑚𝑛𝑛 = � 𝜋𝜋|𝑴𝑴𝑚𝑚𝑛𝑛|2

6ℏ2
2𝜌𝜌𝜔𝜔
𝜀𝜀0

𝑓𝑓(𝜔𝜔𝑚𝑚𝑛𝑛)𝛿𝛿(𝜔𝜔𝑚𝑚𝑛𝑛 − 𝜔𝜔)d𝜔𝜔𝑚𝑚𝑛𝑛 

= 𝜋𝜋|𝑴𝑴𝑚𝑚𝑛𝑛|2

3𝜀𝜀0ℏ2 𝑓𝑓(𝜔𝜔𝑚𝑚𝑛𝑛)𝜌𝜌𝜔𝜔 = 𝐵𝐵𝑚𝑚𝑛𝑛𝑓𝑓(𝜔𝜔)𝜌𝜌𝜔𝜔. (2.13) 

Here, |Mmn·E0|2 is replaced by |Mmn|2|E0|2/3 because cos2θ is 1/3 by averaging over all directions 

in three-dimensional space. In the same way, the transition probability of induced light emission 

wnm is also calculated. The probabilities for the m ← n and m → n transition are equal, and the 

following equation is obtained; 
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𝐵𝐵𝑛𝑛𝑚𝑚 = 𝜋𝜋|𝑴𝑴𝑛𝑛𝑚𝑚|2

3𝜀𝜀0ℏ2 = 𝐵𝐵𝑚𝑚𝑛𝑛. (2.14) 

Note that the n and m states in eq. 2.14 do not degenerate. Taking the degeneracy of the n (gn-

fold) and m (gm-fold) states into account, eq. 2.14 can be generalized as follows; 

𝐵𝐵𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑚𝑚𝜋𝜋|𝑴𝑴𝑚𝑚𝑛𝑛|2

3𝜀𝜀0ℏ2 , 
(2.15) 

𝐵𝐵𝑛𝑛𝑚𝑚 = 𝑔𝑔𝑛𝑛𝜋𝜋|𝑴𝑴𝑛𝑛𝑚𝑚|2

3𝜀𝜀0ℏ2 . 

Bmn and Bnm are Einstein’s B-coefficients of stimulated emission and optical absorption processes. 

    In the framework of the semi-classical theory, the spontaneous emission does not appear 

in eq. 2.7. In order to understand the transition probability of spontaneous emission, one has to 

consider the thermodynamic equilibrium described by the Boltzmann distribution and the 

Planck equation. In the Boltzmann statistics, the numbers of electrons in the state n and m, Nn 

and Nm, are given at a given temperature T with the degeneracy of gn and gm, as follows; 

𝑁𝑁𝑚𝑚
𝑔𝑔𝑚𝑚

= 𝑁𝑁𝑛𝑛
𝑔𝑔𝑛𝑛

exp �−𝐸𝐸𝑚𝑚 − 𝐸𝐸𝑛𝑛
𝑘𝑘𝑘𝑘 � , (2.16) 

where k is the Boltzmann constant. If the thermodynamic equilibrium between two states n and 

m is maintained, the number of transitioned electrons for the m ← n transition (absorption) Nnm 

should be equal to the number of those for the m → n transition (emission) Nmn. In the case of 

the absorption process, Nnm is written by applying eq. 2.13; 

𝑁𝑁𝑛𝑛𝑚𝑚 = 𝑁𝑁𝑛𝑛𝑊𝑊𝑛𝑛𝑚𝑚 = 𝑁𝑁𝑛𝑛𝐵𝐵𝑛𝑛𝑚𝑚𝜌𝜌𝜔𝜔, (2.17) 

where f (ω) is replaced by the delta function. The emission process, on the contrary, can be 

described by the linear combination of stimulated and spontaneous emission, as follows; 

𝑁𝑁𝑚𝑚𝑛𝑛 = 𝑁𝑁𝑚𝑚𝑊𝑊𝑚𝑚𝑛𝑛 = 𝑁𝑁𝑚𝑚(𝐵𝐵𝑚𝑚𝑛𝑛𝜌𝜌𝜔𝜔 + 𝐴𝐴𝑚𝑚𝑛𝑛), (2.18) 

where Amn is Einstein’s A-coefficient, which represents spontaneous emission rate of transition. 

By applying eqs. 2.16–18, ρω is obtained;  

𝜌𝜌𝜔𝜔 = 𝐴𝐴𝑚𝑚𝑚𝑚
𝐵𝐵𝑚𝑚𝑛𝑛

1
𝐵𝐵𝑛𝑛𝑚𝑚
𝐵𝐵𝑚𝑚𝑛𝑛

𝑔𝑔𝑛𝑛𝑔𝑔𝑚𝑚
exp �𝐸𝐸𝑚𝑚 − 𝐸𝐸𝑛𝑛

𝑘𝑘𝑘𝑘 � − 1
. (2.19) 

The radiation energy per unit volume ρω is expressed by the Planck’s radiation law; 
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𝜌𝜌𝜔𝜔 = ℏ𝜔𝜔3

𝑐𝑐3𝜋𝜋2
1

exp �ℏ𝜔𝜔
𝑘𝑘𝑘𝑘� − 1

, (2.20) 

where h and c are the Planck constant and speed of light, respectively. From eq. 2.19, the 

following relationships are obtained,  

ℏ𝜔𝜔𝑚𝑚𝑛𝑛 = 𝐸𝐸𝑚𝑚 − 𝐸𝐸𝑛𝑛, (2.21) 

𝐴𝐴𝑚𝑚𝑛𝑛 = ℏ𝜔𝜔𝑚𝑚𝑛𝑛
3

𝑐𝑐3𝜋𝜋2 𝐵𝐵𝑚𝑚𝑛𝑛. (2.22) 

Eq. 2.22 indicates that the transition probabilities of optical absorption, stimulated emission, 

and spontaneous emission are not independent. Therefore, the spontaneous emission rate of the 

m → n transition with the gn-fold n state is described as follows;  

𝐴𝐴𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑛𝑛|𝑴𝑴𝑚𝑚𝑛𝑛|2𝜔𝜔𝑚𝑚𝑛𝑛
3

3𝜋𝜋𝜀𝜀0ℏ𝑐𝑐3 . (2.23) 

2.1.1.3. Quantum Mechanical Illustration of Optical Transition 

In the previous section, the interaction between matter and light is treated within the semi-

classical theory. Here, the optical transition is discussed from the quantum mechanical point of 

view. Prior to the discussion on the transition probabilities, the validity of the ED approximation 

is examined. By applying a Lagrangian function, the classical hamiltonian for electrons in an 

electric field is described below; 

𝐻𝐻 = 1
2𝑚𝑚

(𝒑𝒑 + 𝑒𝑒𝑨𝑨)2 − 𝑒𝑒𝑒𝑒 + 𝑉𝑉 , (2.24) 

where p, V(r, t), A(r, t), and ϕ(r, t) are the momentum of electrons, non-electrostatic potential, 

vector and scalar potentials at positions of electrons, respectively. In eq. 2.24, p2/2m and V − eϕ 

are the kinetic energy and potential for electrons, respectively, suggesting that the other part 

represents the interaction between electrons and the electric field. Thus, eq. 2.24 can be 

simplified as follows;  

𝐻𝐻 = 𝐻𝐻0 + 𝐻𝐻′, (2.25) 

and 

𝐻𝐻′ = 𝐻𝐻1 + 𝐻𝐻2, (2.26) 

with 



Chapter 2. Theoretical Background 

30 

𝐻𝐻1 = 𝑒𝑒
2𝑚𝑚

(𝒑𝒑 ⋅ 𝑨𝑨 + 𝑨𝑨 ⋅ 𝒑𝒑), 
(2.27) 

𝐻𝐻2 = 𝑒𝑒2

2𝑚𝑚
𝑨𝑨2. 

H1 is related to the absorption or emission of electromagnetic waves in the matter, while H2 is 

related to the scattering of electromagnetic waves. It is possible to ignore H2 because the 

influence of H2 is usually very small. As applied to quantum theory, the hamiltonian Ĥ1 is 

described with the Coulomb gauge ∇ ⋅ 𝑨𝑨 = 0;  

�̂�𝐻1 = 𝑒𝑒
𝑚𝑚

�̂�𝒑 ⋅ 𝑨𝑨̂. (2.28) 

The operator A can be represented; 

𝑨𝑨̂ = �
ℏ

2𝜀𝜀0𝑉𝑉𝜔𝜔�
1
2
𝒆𝒆[𝑎𝑎êxp{𝑖𝑖(𝒌𝒌 ⋅ 𝒓𝒓 − 𝜔𝜔𝑡𝑡)} + 𝑎𝑎†̂exp{−𝑖𝑖(𝒌𝒌 ⋅ 𝒓𝒓 − 𝜔𝜔𝑡𝑡)}], (2.29) 

with the following operators of 

𝑎𝑎̂ = (2ℏ𝜔𝜔)−1
2�𝜔𝜔�̂�𝑄 + 𝑖𝑖𝑃𝑃̂�, 

(2.30) 
𝑎𝑎†̂ = (2ℏ𝜔𝜔)−1

2�𝜔𝜔�̂�𝑄 − 𝑖𝑖𝑃𝑃̂�. 

The operators �̂�𝑄  and 𝑃𝑃̂   are corresponds to the coordinate and momentum of a harmonic 

oscillator, respectively. Therefore, the hamiltonian Ĥ1 is described as follows; 

�̂�𝐻1 = 𝑒𝑒
𝑚𝑚

� � ℏ
2𝜀𝜀0𝑉𝑉 𝜔𝜔𝜆𝜆

�
1
2

𝜆𝜆
�̂�𝒑 ⋅ 𝒆𝒆𝜆𝜆[𝑎𝑎�̂�𝜆exp{𝑖𝑖(𝒌𝒌𝜆𝜆 ⋅ 𝒓𝒓 − 𝜔𝜔𝜆𝜆𝑡𝑡)} + 𝑎𝑎†̂

𝜆𝜆exp{−𝑖𝑖(𝒌𝒌𝜆𝜆 ⋅ 𝒓𝒓 − 𝜔𝜔𝜆𝜆𝑡𝑡)}]. (2.31) 

When the position of a nuclear is set on the coordinate origin, k·r (k: wave vector) takes a similar 

value to ka (a: atomic radius), which is small enough to be compared to unity. Then, the 

exponential functions are expanded as follows; 

�̂�𝒑 exp(±𝑖𝑖𝒌𝒌 ⋅ 𝒓𝒓) = �̂�𝒑 ± 𝑖𝑖�̂�𝒑(𝒌𝒌 ⋅ 𝒓𝒓) + ⋯ . (2.32) 

By applying only the first term on the right side into eq. 2.31, the hamiltonian Ĥ1 is rewritten as 

follows; 

�̂�𝐻E1 = 𝑒𝑒
𝑚𝑚

��
ℏ

2𝜀𝜀0𝑉𝑉 𝜔𝜔𝜆𝜆
�

1
2

𝜆𝜆
�̂�𝒑 ⋅ 𝒆𝒆𝜆𝜆(𝑎𝑎�̂�𝜆𝑒𝑒−𝑖𝑖𝜔𝜔𝜆𝜆𝑡𝑡 + 𝑎𝑎†̂

𝜆𝜆𝑒𝑒𝑖𝑖𝜔𝜔𝜆𝜆𝑡𝑡). (2.33) 

In order to estimate the transition probability from the g to f states through this interaction, one 
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can apply the equation of 〈𝑓𝑓|�̂�𝒑|𝑔𝑔〉 = 𝒑𝒑𝑓𝑓𝑓𝑓 = 𝑖𝑖𝑚𝑚𝜔𝜔𝑓𝑓𝑓𝑓𝒓𝒓𝑓𝑓𝑓𝑓 . Therefore, the transition probability 

calculated by the hamiltonian ĤE1 is correlated with the ED momentum 𝑴𝑴� = −𝑒𝑒𝒓𝒓 ̂, whose 

transition is called electric dipole (ED) transition. Besides, the approximation in which only the 

first term is extracted in eq. 2.32 is called the ED approximation.  

    When the matrix elements 〈𝑓𝑓|𝒓𝒓|̂𝑔𝑔〉 are zero between specific states g and f, one has to 

consider the second and below terms in eq. 2.32. The transition with non-zero matrix elements 

〈𝑓𝑓|𝒓𝒓|̂𝑔𝑔〉 is called allowed transition; in contrast, the transition with zero 〈𝑓𝑓|𝒓𝒓|̂𝑔𝑔〉 is forbidden 

transition. In the case of the forbidden transition, the second term on the right side of eq. 2.32 

yields the hamiltonians for the magnetic dipole and electric quadrupole interactions, leading to 

magnetic dipole (MD) transition and electric quadrupole (EQ) transition, respectively. As 

expected by eq. 2.32, the MD and EQ transition intensity is at most (ka)2 times of ED transition 

intensity, suggesting that the observed spectral lines in the visible range are mainly attributed to 

the ED transition.  

    Eqs. 2.26, 27, and 31 indicate that the hamiltonian of the interaction between matter and 

light Ĥ’ depends on time. Considering the quantized radiation field ĤR, the time-dependent 

Schrödinger equation is described as follows; 

��̂�𝐻0 + �̂�𝐻𝑅𝑅 + exp�
−𝑖𝑖�̂�𝐻𝑅𝑅𝑡𝑡

ℏ � �̂�𝐻′(𝑡𝑡) exp�
𝑖𝑖�̂�𝐻𝑅𝑅𝑡𝑡

ℏ ��𝛷𝛷(𝑡𝑡) = 𝑖𝑖ℏ 𝜕𝜕𝛷𝛷(𝑡𝑡)
𝜕𝜕𝑡𝑡

, (2.34) 

with 

�̂�𝐻𝑅𝑅 = �ℏ𝜔𝜔𝜆𝜆 �𝑎𝑎�̂�𝜆
†𝑎𝑎�̂�𝜆 + 1

2�
𝜆𝜆

, (2.35) 

and 

𝛷𝛷(𝑡𝑡) = exp �
−𝑖𝑖�̂�𝐻𝑅𝑅𝑡𝑡

ℏ �𝛹𝛹(𝑡𝑡), (2.36) 

where Φ(t) is a new wavefunction taking the interaction with the radiation field into account. 

Here, for the hamiltonian Ĥ’, the following relationship holds; 

exp �
−𝑖𝑖�̂�𝐻𝑅𝑅𝑡𝑡

ℏ ��̂�𝐻′(𝑡𝑡) exp �
𝑖𝑖�̂�𝐻𝑅𝑅𝑡𝑡

ℏ � = �̂�𝐻′(0). (2.37) 

Therefore, the hamiltonian for the system is described to be Ĥ = Ĥ0 + ĤR + Ĥ’(0), which is 

independent of time. From now on, the Ĥ’(0) is denoted by Ĥ’.  
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    Usually, the influence of Ĥ’ is small enough to be treated as a perturbation term. 

Supposing that the matter is in the state m and the radiative field with λ-degrees of freedom is 

formed by nλ electrons, which is denoted by |m, nλ> ≡ |M>, the perturbation theory leads to the 

following equation like eq. 2.5; 

𝑖𝑖ℏ 𝜕𝜕𝑏𝑏𝑀𝑀
(𝑠𝑠+1)

𝜕𝜕𝑡𝑡
= �𝑏𝑏𝑁𝑁

(𝑡𝑡)

𝑁𝑁
𝐻𝐻𝑀𝑀𝑁𝑁

′ exp(𝑖𝑖𝜔𝜔𝑀𝑀𝑁𝑁𝑡𝑡) , (2.38) 

where the eigenfunction of Φ(t) is defined by ∑ 𝑏𝑏𝑁𝑁
(𝑡𝑡)|𝑁𝑁⟩𝑁𝑁 , and the energy difference between 

the states M and N (WM − WN) is given by ħωMN. If the system is in the initial state I, the 

perturbation calculation of an arbitrary order leads to the following equation; 

𝑤𝑤𝑀𝑀𝑀𝑀 = 2𝜋𝜋
ℏ

|𝐻𝐻′
𝑀𝑀𝑀𝑀|2𝛿𝛿(𝑊𝑊𝑀𝑀 − 𝑊𝑊𝑀𝑀), (2.39) 

where wMI is the transition probability of the transition between the initial state I and terminal 

state M. This equation is called Fermi’s golden rule, which was finally formularized by not Enrico 

Fermi but Paul A.M. Dirac. The δ function represents the energy conservation.  

    The A-coefficient related to spontaneous emission is obtained by quantum mechanical 

illustration with Fermi’s golden rule. In the case of a light emission process from the state e to 

the state g, the ED approximation gives the following hamiltonian Ĥ’; 

�̂�𝐻′ = �𝑖𝑖�
ℏ𝜔𝜔𝜆𝜆
2𝜀𝜀0𝑉𝑉

�
1
2
𝑴𝑴� ⋅ 𝑒𝑒𝜆𝜆�𝑎𝑎�̂�𝜆

† − 𝑎𝑎�̂�𝜆�
𝜆𝜆

. (2.40) 

Putting the hamiltonian in eq. 2.40 in the golden rule, the transition probability wGE is described 

as follows; 

𝑤𝑤𝐺𝐺𝐺𝐺 = �2𝜋𝜋
ℏ

��𝑔𝑔, 𝑛𝑛𝜆𝜆 + 1��̂�𝐻′
𝜆𝜆�𝑚𝑚,𝑛𝑛𝜆𝜆��2𝛿𝛿�ℏ𝜔𝜔𝑒𝑒𝑓𝑓 − ℏ𝜔𝜔𝜆𝜆�

𝜆𝜆

= � 𝜋𝜋𝜔𝜔𝜆𝜆
ℏ𝜀𝜀0𝑉𝑉

�𝑴𝑴𝑓𝑓𝑒𝑒 ⋅ 𝒆𝒆�2(𝑛𝑛𝜆𝜆 + 1)𝛿𝛿�ℏ𝜔𝜔𝑒𝑒𝑓𝑓 − ℏ𝜔𝜔𝜆𝜆�
𝜆𝜆

. (2.41) 

Here, the transition probability of light emission consists of two parts; one is proportional to the 

number of electrons in a state nλ (stimulated emission), and the other is independent of nλ 

(spontaneous emission). Unlike the stimulated emission, the spontaneous emission takes place 

for all modes. The number of degrees of freedom per unit volume between ω and ω + dω D(ω) 
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is given as follows; 

𝐷𝐷(𝜔𝜔) = 𝜔𝜔2

𝜋𝜋2𝑐𝑐3 . (2.42) 

Therefore, by replacing the summation with the integral, the spontaneous emission rate for the 

e → m ED transition is described as follows;  

𝐴𝐴𝑓𝑓𝑒𝑒 = �
𝜋𝜋𝜔𝜔𝑒𝑒𝑓𝑓

ℏ𝜀𝜀0𝑉𝑉
�𝑴𝑴𝑓𝑓𝑒𝑒�2

3
𝑉𝑉 𝜔𝜔𝑒𝑒𝑓𝑓

2

𝜋𝜋2𝑐𝑐3 𝛿𝛿�𝜔𝜔𝑒𝑒𝑓𝑓 − 𝜔𝜔�d𝜔𝜔 

=
�𝑴𝑴𝑓𝑓𝑒𝑒�2𝜔𝜔𝑒𝑒𝑓𝑓

3

3𝜋𝜋𝜀𝜀0ℏ𝑐𝑐3 .  (2.43) 

By considering the degeneracy of the terminal state, the A-coefficient in eq. 2.23 is obtained. 

     Until now, the matter is treated as being dilute; i.e., the induced and local electric fields in 

the matter are not distinguished, and the average energy of illuminated light per unit volume ρω 

is considered to be ε0|E0|2/2. However, especially for dense matter, the local electric field is 

affected by the polarization of the matter, and the permittivity differs from the vacuum 

permittivity ε0. By applying the Lorentz local field Eloc = (n2 + 2)E/3 (n; refractive index), the 

local field correction terms χ in a dielectric matter with the relative permittivity ε are calculated 

and summarized in Table 2.1. For the oscillator strength f, one does not have to consider the 

local field correction. In contrast, the A- and B-coefficients for the emission and absorption 

processes have to be corrected. As the density of states for photons is proportional to n3, the 

correction term for the A-coefficient is n3 times as much as the relevant term for the B-coefficient. 

Note that the correction term χ for the MD transition is obtained by using |m·B|2 instead of 

|M·E|2, where m and B are a magnetic momentum and magnetic flux density, respectively. In the 

order of frequency of light, the permittivity µ is approximated to the vacuum permittivity µ0, 

leading to the unnecessity of local field correction for the absorption.  

Table 2.1. List of the local field corrections χ for ED and MD transitions 

B-coefficient (absorption) χabs A-coefficient (emission) χem

ED transition (𝑛𝑛2 + 2)2

9𝑛𝑛2
𝑛𝑛(𝑛𝑛2 + 2)2

9
MD transition 1 𝑛𝑛3 
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2.1.2. 5d-4f Allowed Transition 

Lanthanoid (Ln) ions in ground states have empty 5d orbitals out of inner 4f orbitals. The 

electronic transition between these 4f and 5d orbitals is accompanied by optical absorption or 

emission. Because the 5d and 4f orbitals have the even (gerade) and odd (ungerade) parities, 

respectively, the 5d-4f transition is allowed, according to Laporte’s selection rule. Thus, the 

luminescence lifetime of the 5d → 4f transition is shorter than those of the 3d → 3d and 4f → 4f 

forbidden transition; 17−65 ns for Ce3+ [5,6] and 0.4–3.3 µs for Eu2+ [7,8]. The broad 5d-4f 

absorption (excitation) and emission bands are caused by the electronic transition from inner 

4f to outer 5d orbitals with a large interaction with local environments around Ln ions. The 

luminescence properties depend on the crystal field strength, ligand species, and refractive 

index of the host materials, as shown in Figure 2.2. In this section, the sensitive 5d-4f transition 

is illustrated by the energy level diagram schemes.  

Figure 2.2. Series of Eu2+-doped commercial phosphors under UV illumination, exposing the color tunability of 
the Eu2+: 4f65d1 → 4f7 allowed transition upon changing the local environment around Eu2+ ions. 
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2.1.2.1. Sensitive 5d States to Local Environments 

Supposing a Ln ion is surrounded by some ligands, the 5d excited states should be influenced by 

all the ligands arranged in three dimensions around the Ln ion. For the sake of brevity, only the 

interaction between the Ln ion and a given ligand is extracted, resulting in a model of a diatomic 

molecule. The hamiltonian of a molecule, which consists of N nuclei with masses Mα, electrical 

charges Zα, coordinates Rα (α = 1–N) and n electrons with coordinates ri (i = 1–n), is described 

as follows; 

�̂�𝐻 = − ℏ2

2𝑚𝑚
�𝛥𝛥𝑖𝑖

𝑛𝑛

𝑖𝑖=1
− ℏ2

2
� 𝛥𝛥𝛼𝛼

𝑀𝑀𝛼𝛼

𝑁𝑁

𝛼𝛼=1
+ 1

2
�� 𝑒𝑒2

�𝒓𝒓𝑖𝑖 − 𝒓𝒓𝑗𝑗�

𝑛𝑛

𝑗𝑗=1

𝑛𝑛

𝑖𝑖=1

 + 1
2

��
𝑍𝑍𝛼𝛼𝑍𝑍𝛽𝛽𝑒𝑒2

�𝑹𝑹𝛼𝛼 − 𝑹𝑹𝛽𝛽�

𝑁𝑁

𝛽𝛽=1

𝑁𝑁

𝛼𝛼=1
− �� 𝑍𝑍𝛼𝛼𝑒𝑒2

|𝑹𝑹𝛼𝛼 − 𝒓𝒓𝑖𝑖|

𝑛𝑛

𝑖𝑖=1

𝑁𝑁

𝛼𝛼=1
. (2.44)

The first and second terms are the kinetic energy of n electrons and N nuclei. The third and 

fourth terms describe the potential energy of the Coulomb repulsion between all electrons and 

nuclei, respectively. The fifth term considers the potential energy of the Coulomb interaction 

between electrons and nuclei. This hamiltonian is so complex that the Schrödinger equation for 

a molecule cannot be solved if both coordinates of electrons and nuclei are variable. Therefore, 

the adiabatic (Born-Oppenheimer) approximation is introduced, assuming that electrons are 

moving around fixed (or “frozen”) nuclei because a nuclear is much heavier than electrons. If 

the Coulomb potential terms are denoted to be V(r, R) for the sake of brevity, the stationary 

Schrödinger equation for a molecule is written as follows; 

�− ℏ2

2𝑚𝑚
�𝛥𝛥𝑖𝑖

𝑛𝑛

𝑖𝑖=1
− ℏ2

2
� 𝛥𝛥𝛼𝛼

𝑀𝑀𝛼𝛼

𝑁𝑁

𝛼𝛼=1
+ 𝑉𝑉 (𝒓𝒓, 𝑹𝑹)�𝛹𝛹(𝒓𝒓,𝑹𝑹) = 𝐸𝐸𝛹𝛹(𝒓𝒓, 𝑹𝑹), (2.45) 

where E is the energy eigenvalue, and Ψ(r, R) is the corresponding wavefunction. The adiabatic 

approximation enables us to represent the wavefunction Ψ(r, R) as a product of two terms, one 

of which depends on the nuclear coordinate R only [ϕ(R)], and another one depends on both 

electron and nuclear coordination r and R [Φ(r, R)]; 

𝛹𝛹(𝒓𝒓,𝑹𝑹) = 𝑒𝑒(𝑹𝑹)𝛷𝛷(𝒓𝒓, 𝑹𝑹). (2.46) 

By introducing this approximation, the movements of electrons and nuclei can be described 

separately, leading to the adiabatic potential Uj(R). Here, a configurational coordinate qλ is 
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introduced instead of R for the movement of nuclei. By expanding the interaction term between 

electrons and nuclei at around qλ = 0 within the perturbation theory and adding the vibrational 

potential for nuclei of ∑ 𝜔𝜔𝜆𝜆
2𝑞𝑞𝜆𝜆

2

2�
𝜆𝜆 , the adiabatic potential is described as follows; 

𝑈𝑈𝑗𝑗(𝑞𝑞) = 𝑊𝑊𝑗𝑗 + �1
2

𝜔𝜔𝜆𝜆
2�𝑞𝑞𝜆𝜆 − 𝛥𝛥𝑖𝑖𝑗𝑗�2

𝜆𝜆
(2.47) 

with 

𝑊𝑊𝑗𝑗 = �𝑗𝑗��̂�𝐻𝑒𝑒(𝑟𝑟) + �̂�𝐻𝑒𝑒𝑒𝑒(𝑟𝑟, 0)�𝑗𝑗� − � 1
2

𝜔𝜔𝜆𝜆
2𝛥𝛥𝑖𝑖𝑗𝑗

2

𝜆𝜆
, (2.48) 

𝛥𝛥𝑖𝑖𝑗𝑗 = 〈𝑗𝑗|𝑐𝑐𝜆𝜆|𝑗𝑗〉
𝜔𝜔𝜆𝜆

2 . (2.49) 

Here, the hamiltonians Ĥe and ĤeL represent the summation of potential and kinetic energy for 

electrons and the interaction energy between electrons and nuclei, respectively. Here, the 

minimum point of the adiabatic potential curve for the ground state is set on the coordinate 

origin. The adiabatic potentials for the ground and excited states are given as follows; 

𝑈𝑈𝑓𝑓(𝑞𝑞) = �1
2
𝜔𝜔𝜆𝜆

2𝑞𝑞𝜆𝜆
2

𝜆𝜆
, 

(2.50) 
𝑈𝑈𝑒𝑒(𝑞𝑞) = 𝑊𝑊𝑒𝑒 + � 1

2
𝜔𝜔𝜆𝜆

2(𝑞𝑞𝜆𝜆 − 𝛥𝛥𝜆𝜆)2

𝜆𝜆
. 

By introducing the j-th components of the normalized angular frequency ξλj that satisfies the 

orthogonal conditions of ∑ 𝜉𝜉𝜆𝜆𝑗𝑗𝜉𝜉𝜆𝜆′𝑗𝑗𝑗𝑗 = 𝛿𝛿𝜆𝜆𝜆𝜆′  and ∑ 𝜉𝜉𝜆𝜆𝑖𝑖𝜉𝜉𝜆𝜆𝑗𝑗𝜆𝜆 = 𝛿𝛿𝑖𝑖𝑗𝑗, the following parameters 

are obtained; 

𝑄𝑄𝑖𝑖 = �𝜔𝜔𝜆𝜆𝑞𝑞𝜆𝜆𝜉𝜉𝜆𝜆𝑖𝑖
𝜆𝜆

, 

(2.51) 
𝜔𝜔𝜆𝜆𝑞𝑞𝜆𝜆 = �𝜉𝜉𝜆𝜆𝑖𝑖𝑄𝑄𝑖𝑖

𝑖𝑖
. 

Here, when Q1 is c under the condition of qλ = ∆λ, Q1 is selected as follows; 

𝑐𝑐𝑄𝑄1 = �𝜔𝜔𝜆𝜆
2𝑞𝑞𝜆𝜆𝛥𝛥𝜆𝜆

𝜆𝜆
, 

(2.52) 
𝑐𝑐 = �𝜔𝜔𝜆𝜆

2𝛥𝛥𝜆𝜆
2

𝜆𝜆
. 

Therefore, the adiabatic potentials in eq. 2.50 are given; 
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𝑈𝑈𝑓𝑓(𝑄𝑄) = �1
2
𝑄𝑄𝑖𝑖

2

𝑖𝑖
, 

(2.53) 
𝑈𝑈𝑒𝑒(𝑄𝑄) = 𝑊𝑊0 − 𝑐𝑐𝑄𝑄1 + �1

2
𝑄𝑄𝑖𝑖

2

𝑖𝑖
, 

where W0 = We + c2/2. Two potentials differ only in the interaction mode Q1. Eq. 2.53 indicates 

that the shape of the adiabatic potential at around the minimum point can be approximated by 

the quadratic function.  

    Figure 2.3 depicts the adiabatic potential curves for the 4fN ground and 4fN−15d1 excited 

states. This picture is called the configuration coordinate diagram, where the x-axis represents 

the configuration coordinate. The R0 and R1 indicate the equilibrium position of a Ln ion and a 

ligand and the shift of ligands in the excited state, respectively. The levels labeled by ν and ν’ are 

related to the vibrational modes, represented to be Eν = (ν + 1/2)ħωp (ħωp; phonon energy). The 

absorption from the lowest vibrational level with ν = 0 in the 4fN ground state is considered. On 

this level, the squared wavefunction |Ψ|2 represents the probability density of electrons, shown 

in the curve on the initial level. Upon being excited, electrons vertically transition from point A 

to point B on the 4fN−15d1 excited state. During the electronic transition, the position and 

momentum of nuclei are unchanged, according to the adiabatic approximation, which is called 

the Franck-Condon principle. The excited electrons relax down along the potential curve without 

photon emission to the lower vibrational levels. This relaxation is accompanied by the ligands 

shift because of the interaction between the 5d electron (or 4f holes) and ligands, which is 

regarded as the lattice relaxation (WLR). The relaxed electrons distributed on the excited states 

cause the radiative transition from point C to D, according to the Franck-Condon principle.  

    The configurational coordinate diagram provides information about the spectral shapes 

for the optical transition. Assuming the ED transition with the momentum µ in the electric field 

direction, the spectral shape function A(ħω) for the e ← g absorption transition is described as 

follows; 

𝐴𝐴(ℏ𝜔𝜔) = ��𝜌𝜌𝑓𝑓𝑛𝑛��Ψ𝑒𝑒𝑚𝑚|𝜇𝜇|̂Ψ𝑓𝑓𝑛𝑛��2𝛿𝛿�𝑊𝑊𝑒𝑒𝑚𝑚 − 𝑊𝑊𝑓𝑓𝑛𝑛 − ℏ𝜔𝜔�
𝑚𝑚𝑛𝑛

, (2.54) 

with 
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𝜌𝜌𝑓𝑓𝑛𝑛 =
exp �−𝑊𝑊𝑓𝑓𝑛𝑛

𝑘𝑘𝑘𝑘� �

∑ exp�− 𝑊𝑊𝑓𝑓𝑛𝑛
𝑘𝑘𝑘𝑘� �𝑛𝑛

, (2.55) 

where ρgn is the probability that the system is initially in the gn state. The matrix elements for the 

ED transition from the n-th level in the g state to the m-th level in the e state are given by eq. 

2.46;  

�Ψ𝑒𝑒𝑚𝑚|𝜇𝜇|̂Ψ𝑓𝑓𝑛𝑛� = � 𝑒𝑒𝑒𝑒𝑚𝑚
∗(𝑞𝑞)𝜇𝜇𝑒𝑒𝑓𝑓𝑒𝑒𝑓𝑓𝑛𝑛(𝑞𝑞) d𝑞𝑞, (2.56) 

with 

𝜇𝜇𝑒𝑒𝑓𝑓(𝑞𝑞) = � 𝜓𝜓𝑒𝑒
∗(𝒓𝒓, 𝑞𝑞)𝜇𝜇�̂�𝜓𝑓𝑓(𝒓𝒓, 𝑞𝑞)𝑑𝑑𝒓𝒓. (2.57) 

Here, the Condon approximation is introduced, which suppose that µeg(q) does not depend on q, 

Figure 2.3. Schematic illustration of a configurational coordinate model. The vertical arrows between A–B or C–D 
indicate the absorption and emission processes. 
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indicating that the magnitude of the matrix elements for the ED transition only depends on the 

overlap integral between ϕem(q) and ϕgn(q). The squared absolute value of this overlap integral is 

important to determine the spectral shape; 

𝐹𝐹𝑚𝑚𝑛𝑛 = �𝑒𝑒𝑒𝑒𝑚𝑚
∗(𝑞𝑞)𝑒𝑒𝑓𝑓𝑛𝑛(𝑞𝑞)�2, (2.58) 

which is called the Franck-Condon factor. Especially at T = 0 K, ρgn = δn0 leads to the following 

relationship; 

𝐴𝐴(ℏ𝜔𝜔) = �𝐹𝐹𝑚𝑚0𝛿𝛿�ℏ𝜔𝜔 − 𝑊𝑊00 − 𝑚𝑚ℏ𝜔𝜔p�
𝑚𝑚

, (2.59) 

where W00 = We0 − Wg0, and ħωp is the phonon energy. Figure 2.4 illustrates the theoretical 

spectral shapes of the absorption band at 0 K, indicating that the absorption spectra consist of 

spectral lines with the increment of ħωp. The spectral line at 0 in Figure 2.4 is called the zero 

phonon line (ZPL), which is not related to any phonons. Each phonon line is characterized by 

the Lorentzian profile with widths of ħ/τ, according to the Heisenberg uncertainty principle. 

Here, the Huang-Rhys factor S is introduced by the following relationships; 

𝑆𝑆 = 𝑊𝑊LR
ℏ𝜔𝜔p

, (2.60) 

and 

𝐹𝐹𝑚𝑚0 = 𝑒𝑒−𝑆𝑆 �
𝑆𝑆𝑚𝑚

𝑚𝑚!�
. (2.61) 

The physical meaning of the Huang-Rhys factor S is the number of emitted phonons during the 

lattice relaxation. The twice of WLR or Sħωp corresponds to the Stokes shift (SS), which is defined 

as the peak difference between the absorption (or excitation) and emission bands.  

In Figure 2.4, the S-dependence of the absorption band is displayed. If the electron-lattice 

interaction is very weak (i.e., S is almost zero), the ZPL is significant at around n = 0. With S = 

5, the ZPL and fine structure related to the n-th phonon lines are still observed. Here, if the 

phonon energies for the ground and excited states are the same, the emission and absorption 

(or excitation) spectra appear in a mirror image relationship with the common ZPL. When the 

S value is large enough (S = 20), the width of the absorption band is broad, and the ZPL intensity 

is weak. The large S is interpreted as the large offset R1, indicating that the movement of the 

nuclei can be treated in the classical theory according to the correspondence principle, and 
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|ϕem(q)| takes a large value only on the adiabatic potential curve. Therefore, the spectral shape of 

the absorption band with a large S is described by the following equation; 

𝐴𝐴(ℏ𝜔𝜔) =
�𝜇𝜇𝑒𝑒𝑓𝑓�2

�4𝜋𝜋𝑘𝑘𝑘𝑘𝑎𝑎𝑊𝑊LR
exp �− (𝑊𝑊𝑒𝑒 + 𝑊𝑊LR − ℏ𝜔𝜔)2

4𝑘𝑘𝑘𝑘𝑊𝑊LR
� , (2.62) 

whose shape is characterized by the Gaussian profile. As shown above, the configurational 

coordinate model is a good approximation to explain the dynamics of excited states and the 

spectral shape with the large S value. 

2.1.2.2. Energy Level Structure of 5d Excited States 

Considering the radial wavefunction, the 5d orbital is outside the 4f, 5s, and 5p orbitals [9]. 

Therefore, the 5d-4f transition for a Ln ion is largely influenced by the local environments, such 

as the chemical, structural, and electronic features. Figure 2.5 shows the schematic illustration 

of the 4f and 5d energy levels for Ce3+. The 4f1 state for Ce3+ is split into two levels denoted by 
2F5/2 and 2F7/2 because of the spin-orbit interaction, in which the ground level is labeled by 2F5/2. 

The energy difference between these two levels is about 0.25 eV. In the free ion state, the 

degenerated Ce3+: 5d1 levels are located at 6.35 eV higher than the ground 2F5/2 level. When a 

Ce3+ ion is put in a given spherical ligand field, the ligands make the 5d1 level to be lowered, 

which is called the nephelauxetic effect. The term “nephelauxetic” means cloud-expanding in 

Greek. The electrons of ligands reduce the effective positive charge of the Ce3+ nuclear, leading 

to the electron cloud expansion of 5d orbitals. The degree of the energy shift is the centroid shift 

Figure 2.4. Dependence of the absorption band shape on the value of the Huang-Rhys factor S at 0 K. The number 
of phonons generated in the absorption transition is shown along the horizontal axis [7,8]. 
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εc. The εc value depends on the following nephelauxetic series by Jørgensen [10,11]; 

F− < O2− < Cl− < N3− < Br− < I− < S2− < Se2−, 

which corresponds to the order of decreasing electronegativity of corresponding elements [12]. 

    While the nephelauxetic effect is isotropic, the crystal field with a given symmetry brings 

about the anisotropic effect on the 5d levels, resulting in the split 5d levels. In the cubic site with 

Oh symmetry, the degenerated 5d levels are resolved into two, which are the lower two-fold eg 

and higher three-fold t2g levels, due to the interaction between the ligands and 5d orbitals. The 

crystal field splitting 10Dq is given as the energy difference between the eg and t2g levels. In the 

distorted sites, the degenerated 5d levels are finally resolved into five 5d1−5d5 levels. The energy 

differences between 5d1–5d5 and 5d1–5d2 are designated as εcfs and ∆12, respectively, which are 

important for discussion on Ce3+ luminescence. The centroid energy of the 5d levels is given by 

a simple arithmetical mean and corresponds to the value of (6.35 − εc) eV. The redshift of the 

Figure 2.5. Energy level structure of Ce3+ showing the depression D of the lowest 5d level with respect to the free 
ion energy of Ce3+ (6.35 eV). 
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Ce3+: 5d1 level is called depression D, depending on the compositional and structural features of 

host compounds. In order to obtain the desirable luminescent properties of the 5d-4f transition, 

one has to design the phosphor materials with suitable D values.  

2.1.3. 4f-4f Forbidden Transition 

2.1.3.1. Characteristics of Lanthanoid Ions 

Following the Pauli exclusion principle, lanthanoid ions can take a variety of electronic 

configurations because of the unfiled 4f orbitals. The energy level diagram for Ln3+ ions (Dieke 

diagram) is shown in Figure 1.2, where each state is denoted by the Russell-Saunders notation 
2S+1LJ. Here, L, 2S + 1, and J are the total orbital angular momentum, spin multiplicity (S: the 

total spin angular momentum), and total angular momentum, respectively. The values of L = 0, 

1, 2, 3, 4, 5, 6, 7, 8 are used to be designated by the capital letters of S, P, D, F, G, H, I, K, and L. 

The total angular momentum J takes the 2S +1 values of (L + S), (L + S − 1), …, and |L − S|. 

Since the L and S are good quantum numbers for light elements, the state is described only by 

the 2S+1L term, called the Russell-Saunders (RS) coupling scheme (or LS-coupling scheme). 

However, the L and S are no longer good quantum numbers for Ln3+ ions, leading to the “mixing” 

between adjacent 2S+1L terms. Thus, the 2S+1LJ multiplets are introduced to take the influence of 

the non-negligible spin-orbit interaction into account.  

    The 4f-4f luminescence is caused by the radiative transition between the “rich” levels 

labeled by the multiplet 2S+1LJ. The inner 4f orbital hardly interacts with the ligand field, leading 

to the sharp spectral shape for the 4f-4f transition (i.e., with the small Huang-Rhys factor S). 

Because the transition energy between two levels is almost independent of the local environment, 

one can roughly apply the Diele diagram for all the Ln3+-based luminescent materials. The 4f-4f 

luminescence is the electronic transition between the state with the same parity (ungerade), 

resulting in the ED forbidden and MD allowed transition by considering the matrix elements 

for each transition. Nevertheless, intense ED luminescence is observed in a variety of Ln3+-based 

phosphors. This is due to the mixing of the even-parity in 4f orbitals, which is explained by the 

Judd-Ofelt theory. The ED transition in Ln3+ is called “induced” ED transition. The quantum 

mechanical illustration of the induced ED transition is provided in the following section.  
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2.1.3.2. Judd-Ofelt Theory 

The transition probability of the 4f-4f transition is described by the Judd-Ofelt theory [13–15], 

which was independently proposed by Brian R. Judd and George S. Ofelt in 1962 and 

summarized later. This theory provides a theoretical explanation of the optical strength of the 

electronic transition between the 4fN energy levels for trivalent lanthanoid ions Ln3+. Here, the 

optical strength of the 4f-4f transition is overviewed with the fundamental quantum mechanics. 

The hamiltonian of the 4f electrons are described as follows; 

�̂�𝐻 = �̂�𝐻0 + �̂�𝐻SO + 𝑉𝑉�̂�𝑐𝑐𝑐𝑐𝑐𝑠𝑠, (2.63) 

with 

�̂�𝐻0 = −�ℏ2∇𝑖𝑖
2

2𝑚𝑚

𝑁𝑁

𝑖𝑖=1
− �𝑧𝑧∗𝑒𝑒2

𝑟𝑟𝑖𝑖

𝑁𝑁

𝑖𝑖=1
+ � 𝑒𝑒2

𝑟𝑟𝑖𝑖𝑗𝑗

𝑁𝑁

𝑖𝑖>𝑗𝑗
, (2.63) 

�̂�𝐻SO = �𝜉𝜉
𝑁𝑁

𝑖𝑖=1
(𝒓𝒓𝑖𝑖)(𝒔𝒔𝑖𝑖 ⋅ 𝒍𝒍𝑖𝑖). (2.64) 

The hamiltonian Ĥ0 is represented by the linear combination of the kinetic energy and the 

electrostatic potential of 4f electrons. On the other hand, the hamiltonian ĤSO is derived from 

the spin-orbit interaction, which is ignored within the RS coupling scheme. As the spin-orbit 

interaction coefficient ξ is proportional to the fourth power of atomic number, the ĤSO term is 

not negligible for 4f electrons. As mentioned above, the 2S+1L terms for Ln3+ ion split up, 

indicating that the total orbital angular momentum L and total spin angular momentum S are 

no longer good quantum numbers. Because the contributions of Ĥ0 and ĤSO are comparable, the 

intermediate coupling scheme is applied to describe the interaction related to 4f electrons. A state 

of a Ln3+ ion with 4fN electron(s) is expressed by a linear combination of RS states as follows; 

|4f𝑁𝑁 [𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽⟩ = � 𝑎𝑎𝐽𝐽(𝛼𝛼𝑆𝑆𝛼𝛼:𝛼𝛼′𝑆𝑆′𝛼𝛼′)
𝛼𝛼′𝑆𝑆′𝑒𝑒′

|4f𝑁𝑁𝛼𝛼′𝑆𝑆′𝛼𝛼′𝐽𝐽′⟩, (2.65) 

where α is a quantum number that distinguishes the states with the same 2S+1LJ term. For example, 
5G2 states of Eu3+ in a free-ion state are located at 26269 and 38616 cm−1 with respect to the 7F0 

ground state [16], which should be identified. The letters in the bracket are not good quantum 

numbers.  

    Considering the Laporte selection rule, the 4f-4f electronic transition is forbidden because 
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the matrix elements with an ED moment are zero. However, when Ln3+ ions are incorporated at 

a given non-centrosymmetric local environment in solids or liquids, the ED transition gets to 

be partly allowed. Even though Ln3+ ions are in a centrosymmetric field, the coupling with lattice 

vibration (i.e., phonons) in odd-parity can induce the ED transition of Ln3+. Therefore, the Ln3+ 

intense 4f-4f luminescence related to the ED transition is usually observed in a variety of 

luminescent materials. In eq. 2.63, the potential of electrons related to the crystal field around a 

Ln3+ ion is represented as follows; 

𝑉𝑉ĉrys = ��
−𝑒𝑒𝑄𝑄𝑗𝑗

�𝒓𝒓𝑖𝑖 − 𝑹𝑹𝑗𝑗�𝑗𝑗𝑖𝑖
, (2.66) 

where ri and Rj are the coordinates of the i-th electron and j-th ion with a point charge Qj, 

respectively. The vector Rj(Rj, θj, φj) is described in the polar coordinates system. Considering ri 

< Rj and Θij defining the angle between ri and Rj, eq. 2.66 is described with the formula related 

to the Legendre polynomial Pk(cosΘij);  

𝑉𝑉ĉrys = ��𝑟𝑟𝑖𝑖
2𝐴𝐴𝑡𝑡𝑡𝑡𝐶𝐶𝑡𝑡

(𝑡𝑡)(𝜃𝜃𝑖𝑖, 𝜑𝜑𝑖𝑖)
𝑡𝑡,𝑡𝑡𝑖𝑖

= � 𝐴𝐴𝑡𝑡𝑡𝑡𝐷𝐷𝑡𝑡
(𝑡𝑡)

𝑡𝑡,𝑡𝑡
, (2.67) 

with 

𝐶𝐶𝑡𝑡
(𝑡𝑡)(𝜃𝜃𝑖𝑖, 𝜑𝜑𝑖𝑖) = �

4𝜋𝜋
2𝑡𝑡 + 1�

1
2
𝑌𝑌𝑡𝑡𝑡𝑡(𝜃𝜃, 𝜑𝜑), (2.68) 

𝐴𝐴𝑡𝑡𝑡𝑡 = �
4𝜋𝜋

2𝑡𝑡 + 1�
1
2
�

−𝑒𝑒𝑄𝑄𝑗𝑗

𝑹𝑹𝑗𝑗
𝑡𝑡+1

𝑗𝑗
𝑌𝑌𝑡𝑡𝑡𝑡

∗�𝜃𝜃𝑗𝑗, 𝜑𝜑𝑗𝑗�, (2.69) 

𝐷𝐷𝑡𝑡
(𝑡𝑡) = �𝑟𝑟𝑖𝑖

𝑡𝑡𝐶𝐶𝑡𝑡
(𝑡𝑡)(𝜃𝜃𝑖𝑖, 𝜑𝜑𝑖𝑖)

𝑖𝑖
. (2.70) 

Here, Ytp and Ytp
* are the spherical harmonics and their conjugates, respectively. The Atp is called 

the crystal field parameter. The product of Atp and <ri>, which is a radial wavefunction, is 

denoted as Bt
p, which is also called the crystal field parameter in some literature. In the case of 

Ln3+, the crystal field potential 𝑉𝑉ĉrys is usually very small with respect to the hamiltonians Ĥ0 

and ĤSO. This is because the inner 4f orbitals are shielded by the outer 5s and 5p orbitals. 

Therefore, the 𝑉𝑉ĉrys term can be treated as a perturbation. Considering the 𝑉𝑉ĉrys term, the 

total angular momentum J is neither no longer a good quantum number. The states are 

designated by the irreducible representations (irreps) of the point group for the local structure. 
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The energy level splitting of the degenerated 2J + 1 levels in a free-ion state is observed, which 

is the crystal field (Stark) splitting. The degree of the Stark splitting depends on the J value and 

the symmetry of the local structure. Depending on whether J is an integer or a half-integer, the 

maximum number of the Stark sublevels is (2J + 1) or (J + 1/2). This is due to the Kramers 

degeneracy, in which Ln3+ energy levels with an odd number of electrons degenerate at least two-

fold. By considering the number of the Stark sublevels, one can roughly assign the symmetry of 

a local structure.  

    Here, the ED transition between two states φa and φb with 4fN electronic configuration is 

considered, under an assumption that a Ln3+ ion is located at a given non-centrosymmetric local 

field. The hamiltonian is represented by eq. 2.63. The crystal field potential for odd-parity Vodd 

is treated as a perturbation term as follows; 

|𝜑𝜑𝑎𝑎⟩ = |𝑎𝑎⟩ + �|𝑐𝑐⟩
𝑐𝑐

〈𝑐𝑐|𝑉𝑉odd|𝑎𝑎〉
𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐

, 
(2.71) 

|𝜑𝜑𝑏𝑏⟩ = |𝑏𝑏⟩ + �|𝑐𝑐⟩
𝑐𝑐

〈𝑐𝑐|𝑉𝑉odd|𝑏𝑏〉
𝑊𝑊𝑏𝑏 − 𝑊𝑊𝑐𝑐

. 

The physical meaning of wavefunction c is discussed later. From eq. 2.67, Vodd is ∑𝐴𝐴𝑡𝑡𝑡𝑡𝐷𝐷𝑡𝑡
(𝑡𝑡) 

(only odd t is permitted), leading to the ED momentum 𝑴𝑴 = −𝑒𝑒∑ 𝐷𝐷𝑞𝑞
(1)

𝑞𝑞 . By using this ED 

momentum, the matrix elements for q are given as follows; 

�𝜑𝜑𝑏𝑏�−𝑒𝑒𝐷𝐷𝑞𝑞
(1)�𝜑𝜑𝑎𝑎� = �� 𝑒𝑒𝐴𝐴𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡
�

�𝑏𝑏�𝐷𝐷𝑞𝑞
(1)�𝑐𝑐��𝑐𝑐�𝐷𝐷𝑡𝑡

(𝑡𝑡)�𝑎𝑎�
𝑊𝑊𝑐𝑐 − 𝑊𝑊𝑎𝑎

+
�𝑏𝑏�𝐷𝐷𝑡𝑡

(𝑡𝑡)�𝑐𝑐��𝑐𝑐�𝐷𝐷𝑞𝑞
(1)�𝑎𝑎�

𝑊𝑊𝑐𝑐 − 𝑊𝑊𝑏𝑏
�

𝑐𝑐
. (2.72) 

If |c> has an odd-parity like 4f-orbitals, the matrix elements in eq. 2.72 is zero, meaning that the 

transition is forbidden. Assuming that the electronic configuration of the state c has even-parity, 

such as 4fN−15d1 and 4fN−15g1, the matrix elements of the ED momentum take a non-zero value, 

and the ED transition is allowed. Because these electronic configurations with even-parity 

usually take much higher energy than the |a> and |b> states with the 4fN electronic configuration, 

(Wc−Wa) and (Wc−Wb) terms can be approximated by the single energy difference ∆W. With 

the normalization condition ∑ |𝑐𝑐⟩ ⟨𝑐𝑐|𝑐𝑐 = 1, the matrix elements are rewritten as follows; 

�
�𝑏𝑏�𝐷𝐷𝑞𝑞

(1)�𝑐𝑐��𝑐𝑐�𝐷𝐷𝑡𝑡
(𝑡𝑡)�𝑎𝑎�

𝑊𝑊𝑐𝑐 − 𝑊𝑊𝑎𝑎𝑐𝑐
= 1

∆𝑊𝑊
�𝑏𝑏�𝐷𝐷𝑞𝑞

(1)𝐷𝐷𝑡𝑡
(𝑡𝑡)�𝑎𝑎�, (2.73) 
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which is called the closure approximation. 

    In the case of the 4fN configuration, the states |a>, |b>, and |c> are |4fNα, J, M>, |4fNα’, J’, 

M’>, and |4fN−1n’l’α’’, J’’, M’’>, respectively. Here, the k-rank unit tensor operator Uq
(k) is 

introduced, which is defined below; 

𝑈𝑈𝑞𝑞
(𝑘𝑘) =

∑ 𝐶𝐶𝑞𝑞
(𝑘𝑘)�𝜃𝜃𝑗𝑗, 𝜑𝜑𝑗𝑗�𝑗𝑗

〈𝑙𝑙‖𝐶𝐶(𝑘𝑘)‖𝑙𝑙〉
, (2.74) 

with 

�𝑙𝑙�𝐶𝐶(𝑘𝑘)�𝑙𝑙� = (−1)𝑙𝑙{(2𝑙𝑙 + 1)(2𝑙𝑙′ + 1)}
1
2 �𝑙𝑙 𝑘𝑘 𝑙𝑙′

0 0 0
� . (2.75) 

The last part in eq. 2.75 of �𝑙𝑙 𝑘𝑘 𝑙𝑙′
0 0 0

� is expressed with the Wigner 3-j symbols, which are an 

alternative to Clebsch-Gordan coefficients for the purpose of adding angular momenta. The 3-j 

symbols are generally represented in � 𝑗𝑗1 𝑗𝑗2 𝑗𝑗3
𝑚𝑚1 𝑚𝑚2 𝑚𝑚3

�, where the symbols have to satisfy the

requirements below; (1) the upper numbers j1, j2, and j3 have to provide a triangle, (2) if the 

summation of the bottom numbers is not zero (i.e., m1 + m2 + m3 ≠ 0), the term should be zero, 

and (3) If all the bottom numbers m are zero, the summation of the upper numbers must be 

even. By using the unit tensor Uq
(k), the matrix elements of Dq

(k) between two RS states with the 

same 4fN configuration is given; 

�𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼′𝑆𝑆′𝛼𝛼′𝐽𝐽 ′𝑀𝑀′�𝐷𝐷𝑞𝑞
(𝑘𝑘)�𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼𝑆𝑆𝛼𝛼𝐽𝐽𝑀𝑀� 

= 𝛿𝛿𝑠𝑠𝑠𝑠′〈𝑛𝑛𝑙𝑙|𝑟𝑟𝑘𝑘|𝑛𝑛𝑙𝑙〉 × �𝑙𝑙�𝐶𝐶(𝑘𝑘)�𝑙𝑙��𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼′𝑆𝑆′𝛼𝛼′𝐽𝐽′𝑀𝑀′�𝑈𝑈𝑞𝑞
(𝑘𝑘)�𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼𝑆𝑆𝛼𝛼𝐽𝐽𝑀𝑀�, (2.76)

where δss’ is the Kronecker delta, and the term depending on the radial wavefunction Rnl satisfies 

〈𝑛𝑛𝑙𝑙|𝑟𝑟𝑘𝑘|𝑛𝑛𝑙𝑙〉 = ∫ 𝑅𝑅𝑛𝑛𝑙𝑙(𝑟𝑟)𝑟𝑟𝑘𝑘𝑅𝑅𝑛𝑛′𝑙𝑙′(𝑟𝑟)𝑟𝑟2𝑑𝑑𝑟𝑟∞
0

 . Besides, the numerator of eq. 2.72, which is a 

combination of two operators Dq
(k) and Dp

(t), is transformed to be separated into the geometrical 

and physical parts as follows; 

� �𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼′𝐽𝐽′𝑀𝑀′�𝐷𝐷𝑞𝑞
(𝑘𝑘)�𝑛𝑛′𝑙𝑙′𝑁𝑁−1𝛼𝛼′′𝐽𝐽′′𝑀𝑀′′��𝑛𝑛′𝑙𝑙′𝑁𝑁−1𝛼𝛼′′𝐽𝐽′′𝑀𝑀′′�𝐷𝐷𝑡𝑡

(𝑡𝑡)�𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼𝐽𝐽𝑀𝑀�
𝛼𝛼′′𝐽𝐽′′𝑀𝑀′′

 

= �(−1)𝑡𝑡+𝑞𝑞(2𝜆𝜆 + 1)
𝜆𝜆

�𝑘𝑘 𝜆𝜆 𝑡𝑡
𝑞𝑞 −𝑝𝑝 − 𝑞𝑞 𝑝𝑝��𝑘𝑘 𝜆𝜆 𝑡𝑡

𝑙𝑙 𝑙𝑙′ 𝑙𝑙
� 〈𝑛𝑛𝑙𝑙|𝑟𝑟𝑘𝑘|𝑛𝑛′𝑙𝑙′〉〈𝑛𝑛′𝑙𝑙′|𝑟𝑟𝑡𝑡|𝑛𝑛𝑙𝑙〉

× �𝑙𝑙�𝐶𝐶(𝑘𝑘)�𝑙𝑙′��𝑙𝑙′�𝐶𝐶(𝑡𝑡)�𝑙𝑙��𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼′𝐽𝐽′𝑀𝑀′�𝑈𝑈𝑡𝑡+𝑞𝑞
(𝜆𝜆)�𝑛𝑛𝑙𝑙𝑁𝑁𝛼𝛼𝐽𝐽𝑀𝑀�, (2.77)
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where the � 𝑗𝑗1 𝑗𝑗2 𝑗𝑗3
𝑚𝑚1 𝑚𝑚2 𝑚𝑚3

�  term is the Wigner 6-j symbols. Unless all the numerical

combinations of (j1, j2, j3), (l1, l2, j3), (j1, l2, l3), and (l1, j2, l3) can make a triangle, this term is zero. 

Under this constraint, λ should be six or less for the 4fN ED transition. Within the closure 

approximation, in which [Wc(n’l’) − Wa] and [Wc(n’l’) − Wb] are approximated to be ∆Wn’l’, the 

matrix elements for the ED transition in eq. 2.72 are zero with odd λ. In addition, if λ is zero, 

U0
(0) is a constant, resulting in <4fNα’J’||U0

(0)||4fNαJ> with zero value due to the orthogonality of 

wavefunctions. Here, <||U||> is called the reduced matrix elements (RMEs). Therefore, the matrix 

elements of the ED transition for Ln3+ ions take non-zero values only with λ = 2, 4, and 6. By 

applying Fermi’s golden rule in eq. 2.39, the transition strength between two 4fN energy levels is 

proportional to the squared matrix elements of the ED transition; 

� ��4𝑓𝑓𝑁𝑁[𝛼𝛼′𝑆𝑆′𝛼𝛼′]𝐽𝐽′𝑀𝑀′�−𝑒𝑒𝐷𝐷𝑞𝑞
(1)�4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽𝑀𝑀��2

𝑀𝑀𝑀𝑀′𝑞𝑞
     

= 𝑒𝑒2 � Ω𝜆𝜆
𝜆𝜆=2,4,6

��4𝑓𝑓𝑁𝑁[𝛼𝛼′𝑆𝑆′𝛼𝛼′]𝐽𝐽 ′�𝑈𝑈(𝜆𝜆)�4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽��2, (2.78)

with 

Ω𝜆𝜆 = �(2𝜆𝜆 + 1)
𝑡𝑡𝑡𝑡

𝐴𝐴𝑡𝑡𝑡𝑡
2

2𝑡𝑡 + 1
𝛯𝛯2(𝜆𝜆, 𝑡𝑡), (2.79) 

𝛯𝛯2(𝜆𝜆, 𝑡𝑡) = 2�(2𝑓𝑓 + 1)(2𝑙𝑙 + 1)
𝑛𝑛𝑙𝑙

(−1)𝑓𝑓+𝑙𝑙 �1 𝜆𝜆 𝑡𝑡
𝑓𝑓 𝑙𝑙 𝑓𝑓�

× �f 1 𝑙𝑙
0 0 0��𝑙𝑙 𝑡𝑡 f

0 0 0�
〈4𝑓𝑓|𝑟𝑟|𝑛𝑛𝑙𝑙〉〈𝑛𝑛𝑙𝑙|𝑟𝑟𝑡𝑡|4𝑓𝑓〉

∆𝑊𝑊𝑛𝑛𝑙𝑙
, (2.80)

where f = 3, and t = 1, 3, 5, and 7. Eqs. 2.78–80 is divided into the geometrical (former) and 

physical (latter) parts. This treatment follows the Wigner-Eckert theorem. Here, Ωλ is a constant 

called the Judd-Ofelt intensity parameter. The Ωλ parameters depend on Ln3+ species with a 

different expansion of 4f electron clouds but not on the combination of initial and terminal levels 

for ED transition. Focusing on a specific Ln3+ ion, one can discuss the compounds (strictly 

incorporated sites) dependence of the Ωλ parameters. A great deal of literature has reported that 

the chemical trends of the Ωλ parameters. In particular, the Ω2 parameter depends on the 

asymmetry of the local structure around a Ln3+ ion. In contrast, the Ω4 and Ω6 parameters are 
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possibly correlated with various features of the local structure, such as the overlap of the 4f and 

5d orbitals, the 6s electrons density, the ligand-field distortion, the basicity at the Ln3+ site, and 

the degree of covalency in the Ln3+-ligand bond [15]. The Ωλ parameters for Eu3+ in a variety of 

inorganic crystalline materials are collected and listed in Appendix A.  

    The RMEs in eq. 2.78 is expanded with the Wigner-Eckert theorem; 

�4𝑓𝑓𝑁𝑁 [𝛼𝛼′𝑆𝑆′𝛼𝛼′]𝐽𝐽′�𝑈𝑈(𝜆𝜆)�4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽�

= (−1)𝑆𝑆+𝑒𝑒+𝐽𝐽′+𝜆𝜆 × {(2𝐽𝐽′ + 1)(2𝐽𝐽 + 1)}
1
2 �𝛼𝛼′ 𝜆𝜆 𝛼𝛼

𝐽𝐽 𝑆𝑆 𝐽𝐽′� 𝛿𝛿𝑆𝑆𝑆𝑆′

× �4𝑓𝑓𝑁𝑁𝛼𝛼′𝑆𝑆′𝛼𝛼′�𝑈𝑈(𝜆𝜆)�4𝑓𝑓𝑁𝑁𝛼𝛼𝑆𝑆𝛼𝛼�. (2.81)

Because the RMEs for the |4fNαSL> state have been well-known, the table of the RMEs for the 

|4fN[αSL]J> state is accessible (see Appendix B).  

    The constraint of the 3-j and 6-j symbols brings about the selection rule for the 4f-4f 

transition. Table 2.2 summarizes the nature of the Wigner 3-j and 6-j symbols and the selection 

rules in the Judd-Ofelt theory. As mentioned above, under the condition of non-zero 6-j symbols, 

the selection rule for the partially allowed ED transition of Ln3+ in odd-parity is |∆J| ≤ 6. Besides, 

the transition between the level with J = 0 and with J = 0, 1, 3, and 5 is strictly forbidden. 

Supposing that S and L are still good quantum numbers, the allowed transition has to satisfy ∆S 

= 0 and |∆L| ≤ 6. If the specific state is approximated to be the RS state with the largest 

contribution, the transition probability is highest in satisfying these selection rules. This is 

because such a transition is allowed without the spin-orbit interaction. The selection rules for 

the MD and EQ transition are ∆J = 0, ±1 (not 0 ←→ 0 transition) and |∆J| ≤ 2 (not 0 ←→ 0, 1 

transitions), respectively. These transitions are allowed for the 4f-4f transition and are 

independent of the centrosymmetry of the local structure because they have even-parity. 

However, taking the crystal field effects into account, the J selection rules are strictly invalid 

because J is no longer a good quantum number. The optical 4f-4f transition for Ln3+ ions, actually 

observed through spectroscopy, is assigned to the ED or MD transition due to the mixing of two 

states with different parities. The actual optical spectra are more complicated than would be 

expected from the Judd-Ofelt theory. Some forbidden transitions under the Judd-Ofelt theory 

are observed because of the invalid closure approximation or J-mixing (mixing of the adjacent 
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J-levels due to the crystal field with even-parity).

    By using eq. 2.78, the spontaneous emission rate for the ED transition is provided. First, 

the oscillator strength of the optical absorption process is defined as follows; 

𝑓𝑓 = 8𝜋𝜋2𝑚𝑚𝑚𝑚
3ℎ𝑒𝑒2 |𝑴𝑴|2, (2.82) 

where M is the dipole momentum. The oscillator strength is a dimensionless quantity and is 

often used to describe the intensity of optical absorption or emission of an atom or molecule. In

the case of the ED transition, the oscillator strength of the ED absorption transition is described

with the local field correction χED
abs and the number of degeneracy for the excited level;

𝑓𝑓ED
abs = 8𝜋𝜋2𝑚𝑚𝑚𝑚

3ℎ
1

2𝐽𝐽 + 1
𝜒𝜒ED

abs

𝑛𝑛
�Ω𝜆𝜆��4𝑓𝑓𝑁𝑁[𝛼𝛼′𝑆𝑆′𝛼𝛼′]𝐽𝐽′�𝑈𝑈(𝜆𝜆)�4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽��2

𝜆𝜆
. (2.83) 

The term 1/n is an additional correction other than the local field correction χ because the 

photon flux does not change upon entering the dielectric medium from the vacuum [15]. There 

is the following relationship between the B-coefficient and oscillator strength fED
abs;  

𝐵𝐵ED = 𝑒𝑒2

4ℎ𝑚𝑚𝜀𝜀0
𝑓𝑓ED

abs. (2.84) 

In addition, by using eq. 2.22, the AED is given as follows; 

𝐴𝐴ED = 64𝜋𝜋4𝑒𝑒2𝑚𝑚3̃

3ℎ(2𝐽𝐽 + 1)
𝜒𝜒ED

𝑒𝑒m �Ω𝜆𝜆��4𝑓𝑓𝑁𝑁[𝛼𝛼′𝑆𝑆′𝛼𝛼′]𝐽𝐽′�𝑈𝑈(𝜆𝜆)�4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽��2
𝜆𝜆

. (2.85) 

Here, 𝑚𝑚3̃ is the average energy of the transition in the unit of cm−1. On the other hand, because 

the MD momentum is given by L + gS (g: g-factor), the AMD is described below; 

𝐴𝐴MD = 4𝜋𝜋2𝑒𝑒2ℎ
3𝑐𝑐2𝑚𝑚2

𝑚𝑚3̃

2𝐽𝐽 + 1
𝜒𝜒MD

em|〈4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽′‖𝛼𝛼 + 𝑔𝑔𝑆𝑆‖4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽〉|2. (2.86) 

By using the local field correction terms in Table 2.1, the total spontaneous emission rate from 

a given excited state is summarized as follows; 

𝐴𝐴([𝑆𝑆′𝛼𝛼′]𝐽𝐽′𝑀𝑀′; [𝑆𝑆𝛼𝛼]𝐽𝐽𝑀𝑀) 

= 64𝜋𝜋4𝑒𝑒2𝑚𝑚3̃

3ℎ(2𝐽𝐽 + 1)
⎣
⎢
⎢
⎡

𝑛𝑛(𝑛𝑛2 + 2)2

9
� Ω𝜆𝜆��4𝑓𝑓𝑁𝑁[𝛼𝛼′𝑆𝑆′𝛼𝛼′]𝐽𝐽′�𝑈𝑈(𝜆𝜆)�4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽��2

𝜆𝜆

+ ℎ2𝑛𝑛2

16𝜋𝜋2𝑐𝑐2𝑚𝑚2 |〈4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽′‖𝛼𝛼 + 𝑔𝑔𝑆𝑆‖4𝑓𝑓𝑁𝑁[𝛼𝛼𝑆𝑆𝛼𝛼]𝐽𝐽〉|2 ⎦
⎥
⎥
⎤

+𝐴𝐴forbidden. (2.87)

If the forbidden transition caused by the J-mixing is not negligible, the spontaneous emission 
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rate Aforbidden should be considered. The total radiative decay rate of |4fNαSLJM> is given as the 

reciprocal of A([S’L’]J’M’;[SL]JM). Since the decay rate estimated from the Judd-Ofelt theory 

considers only the radiative process, the non-radiative relaxation processes, such as the 

multiphonon relaxation, the cross-relaxation, and the energy migration, are not taken into 

account.  

Table 2.2. Summary of the Wigner 3-j and 6-j symbols and the selection rules in the Judd-Ofelt theory 

3-j symbols � 𝑗𝑗1 𝑗𝑗2 𝑗𝑗3
𝑚𝑚1 𝑚𝑚2 𝑚𝑚3

� 6-j symbols �
𝑗𝑗1 𝑗𝑗2 𝑗𝑗3
𝑙𝑙1 𝑙𝑙2 𝑙𝑙3

�

non-zero 
condition 

𝑗𝑗𝑖𝑖 ≥ 0 
𝑚𝑚𝑖𝑖 ≤ 𝑗𝑗𝑖𝑖 

𝑚𝑚1 + 𝑚𝑚2 + 𝑚𝑚3 = 0 
𝑗𝑗𝑖𝑖,𝑚𝑚𝑖𝑖 (Integer or half-integer) 

|𝑗𝑗1 − 𝑗𝑗2| ≤ 𝑗𝑗3 ≤ 𝑗𝑗1 + 𝑗𝑗2 

𝑗𝑗𝑖𝑖 ≥ 0 
𝑙𝑙𝑖𝑖 ≥ 0 

|𝑗𝑗1 − 𝑗𝑗2| ≤ 𝑗𝑗3 ≤ 𝑗𝑗1 + 𝑗𝑗2 
|𝑙𝑙2 − 𝑙𝑙3| ≤ 𝑗𝑗1 ≤ 𝑙𝑙2 + 𝑙𝑙3 
|𝑙𝑙1 − 𝑙𝑙3| ≤ 𝑗𝑗2 ≤ 𝑙𝑙1 + 𝑙𝑙3 
|𝑙𝑙1 − 𝑙𝑙2| ≤ 𝑗𝑗3 ≤ 𝑙𝑙1 + 𝑙𝑙2 

allowed ED 
transition 

(f = 3 / t = 1, 3, 5, 7) 
�f 1 𝑙𝑙
0 0 0� ≠ 0 / �𝑙𝑙 𝑡𝑡 f

0 0 0� ≠ 0 �1 𝜆𝜆 𝑡𝑡
f 𝑙𝑙 f

� ≠ 0

Selection Rules for 4f-4f Transition in the Judd-Ofelt Theory 

S L J (no 0←→0) parity 

ED transition ∆S = 0 ∆L ≤ 6 
∆J ≤ 6 

∆J = 2, 4, 6 
(J or J’ = 0) 

odd 

MD transition ∆S = 0 ∆L = 0 ∆J = 0, ±1 even 

EQ transition ∆S = 0 ∆L = 0, ±1, ±2 ∆J = 0, ±1, ±2 even 
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2.1.4. Charge Transfer Transition 

Optical transition in a variety of functional luminescent materials is not always assigned to a 

given intrinsic transition in impurity ions, such as transition metals and lanthanoids. The 

interaction between these activators and ligands or adjacent cations is also an important optical 

process. In particular, the charge transfer (CT) transition is essential optical absorption and 

emission process, observed in many inorganic solids, complexes, and organic clusters. The CT 

transition is considered to be the local physical phenomenon caused by the electron transfer 

between different atomic/molecular orbitals. Because the CT transition is Laporte allowed, the 

transition probability is very high. Depending on the transfer process, it is identified as follows; 

ligand-to-metal CT (LMCT), metal-to-ligand CT (MLCT), metal-to-metal CT (MMCT), and 

intervalence CT (IVCT). In this section, the LMCT transfer is briefly explained.  

    The LMCT transition takes place when the metal ion is in the high oxidation state and the 

ligands have the lone pair. Let us assume that a transition metal Mn+ ion in an octahedral ligand 

field forms a [MO6](12−n)− ion with six O2− ions. With the excitation energy, an electron in the 

lone pair of O 2p orbitals transfers to the empty d orbitals (two-fold eg orbitals) of the Mn+ ion, 

accompanied by the valence change (Mn+ + e− → M(n−1)+). This transfer forms the LMCT states 

for the Mn+ ion. As the transition metal ion in a high valence state has the d orbital with a low 

electron density (usually the d0 state), it can accept an electron at the energy levels with low 

energy. The electronic transition process related to the LMCT states can be roughly understood 

by the molecular orbital theory in a diatomic molecule, where a Mn+ ion and a ligand are 

extracted from the polyhedra, because the LMCT transition occurs locally. Considering the 

difference in the electronegativity of Mn+ and O2− ions, the M d and O 2p orbitals form the lowest 

unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO), 

respectively. The electronic transition from the HOMO to the LUMO is considered to be the 

LMCT transition. Therefore, when the metal ion species are consistent, the smaller 

electronegativity of ligands tends to the lower CT energy. As specific examples of the LMCT 

transition, the CT transition in tungstates and Eu3+-doped phosphors is briefly introduced below. 
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2.1.4.1. Charge Transfer in Tungstates 

As mentioned above, the polyhedra with transition metal ions in the high oxidation states 

(pentavalent cations of V5+, Nb5+, and Ta5+; hexavalent cations of Cr6+, Mo6+, and W6+; 

heptavalent cations of Mn7+, Tc7+, and Re7+) show the strong absorption band in the UV region 

through the LMCT transition. Because the LMCT energy is correlated with the ionization 

tendency, the transition occurs on the ions that are easily reduced with the lowest energy. The 

visible luminescence assigned to the CT transition is observed in some inorganic compounds, 

such as vanadates [VO4]3−, tungstates [WO4]2− or [WO6]6−, and molybdates [MoO4]2−. In this 

section, the optical transition in tungstates is introduced. The radiative transition is the MLCT 

transition from W 5d to O 2p orbitals. From now on, the absorption (excitation) and 

luminescence processes are called the CT transition without identification.  

    The mineral scheelite with the composition of CaWO4 is a famous example for the 

tungstates showing the CT luminescence, which is transparent and shows bright sky-blue 

luminescence under UV illumination. Due to the unusual heaviness, it was given the name 

tungsten with the meaning of “heavy stone” in Swedish. As shown in Figure 2.6a, the crystal 

structure of scheelite is tetragonal (space group: I41/a), in which W6+ ions form distorted 

[WO4]2− tetrahedra with S4 symmetry. The [WO4]2− tetrahedra are isolated in a tetragonal lattice 

without any corner, edge, and face sharing with other tetrahedra. The bond length between W6+ 

and O2− ions is ~1.8 Å, through which the CT transition takes place, whereas the interatomic 

distance between a W6+ and the second nearest O2− ions is ~3.0 Å. In order to understand the 

energy level structure of a [WO4]2− tetrahedron and discuss the radiative electronic transition 

resulting in CT luminescence, one has to consider many factors, such as the crystal field splitting 

of W 5d levels, the molecular orbital (MO) composed of O 2p and W 5d orbitals, the large spin-

orbit interaction of W caused by the relativistic effect, and the site-symmetry of a tetrahedron. 

For the sake of brevity, it is assumed that the [WO4]2− tetrahedra take the cubic Td symmetry to 

discuss the radiative CT transition. The character table for Td symmetry is given in Table 2.3. 

The irreducible representations (irreps) for Td symmetry are denoted as A1, A2, E, T1, and T2. 
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The MO calculation with the extended Hückel method performed by Grasser revealed the MO 

energy levels in [WO4]2− ions [17], as shown in Figure 2.6b. The HOMO and LUMO are labeled 

by t1 and 2e, respectively. The CT luminescence is caused by the radiative transition between 

these two MO levels. The HOMO and LUMO are mainly composed of the O 2p and W 5d 

orbitals, respectively, indicating the CT transition is caused by the electron transfer 

accompanied by the reduction of W6+ into W5+. The term symbols in the (t1)5(2e)1 excited state 

are estimated by calculating the direct product of T1 ⊗ E. The direct products of Td symmetry 

are provided in Table 2.4. Considering the spin multiplicity, the excited states are denoted with 

the terms in the order of 1T2 > 1T1 > 3T2 ≥ 3T1, as shown in the configurational coordinate diagram 

in Figure 2.6c. On the other hand, the term symbol in the (t1)6 ground state is 1A1 with total 

symmetry. By applying the ED approximation, the dominant process for absorption (or 

excitation) is attributed to the 1T2 ← 1A1 allowed transition (see section 2.2.1.2 for determination 

of allowed transition). The initial level for the radiative transition is the 3T1 level that has the 

Figure 2.6. (a) Crystal structure of the scheelite-type CaWO4 (tetragonal, space group: I41/a). (b) MO energy levels 
for free [WO4]2− tetrahedral as calculated by the extended Hückel MO calculation. (c) Configurational coordinate 
diagram for the lowest electron transition of 2e ←→ t1 in a regular [WO4]2− tetrahedron with Td symmetry [17]. 
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lowest CT state energy. Although the 3T1 → 1A1 transition is spin-forbidden, it is partially allowed 

because the total spin angular momentum S is not a good quantum number in tungstates. The 

experimental decay rate on the order of 100–2 µs of the CT luminescence in tungstates [17] 

corresponds to the feature of forbidden transition. Actually, the lowest 3T1 level splits into two 

due to the spin-orbit interaction with ∆E = ~20 cm−1, and the crystal field splitting of W 5d levels 

should be larger because of distortion in the tetrahedron with S4 symmetry. Nevertheless, this 

model successfully explains the experimental facts of the CT transition in tungstates.  

    The compounds with the composition of M2+WO4 (M = Mg, Sr, Ba, Cd, and Pb) take the 

isostructure scheelite-type structure, resulting in visible and efficient CT luminescence. These 

scheelite-type materials have been well-known for over 80 years [18], and there is much 

literature about the systematical studies on structural, electronic, and compositional 

characteristics. In particular, CdWO4 and PbWO4 have been well developed for scintillator 

applications due to the high density, the high effective atomic number, and the suitable emission 

wavelength for detection [19–21]. Although the divalent cations do not interact with the 

electronic structure of the [WO4]2− tetrahedra directly, they indirectly affect the crystal field 

splitting induced by distortion in the tetrahedra or the Madelung potential in the structure. 

Figure 2.7 shows the photoluminescence spectra of CaWO4, (Ca,Pb)WO4, and MgWO4. The CT 

Figure 2.7. Photoluminescence spectra of (a) CaWO4, (b) (Ca,Pb)WO4, and MgWO4 [19]. 
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energy is influenced by many factors including the electronegativity or ionic radius of M2+ ions. 

    In addition, the tungstates are widely studied as the host materials for Ln ions [3]. Since 

the parity-forbidden 4f-4f transition for Ln3+ ions leads to the low absorption coefficient and 

causes the narrow absorption bands because of the small electron-phonon coupling, it is 

necessary to combine the highly efficient excitation process to obtain the intense luminescence 

for LED applications. The broad and efficient LMCT absorption band is desirable to sensitize 

the Ln3+ luminescence. For example, the Eu3+-doped tungstates show the intense Eu3+ red 

luminescence under near-UV excitation, which is not obtained in the simple oxide host.   

Table 2.3. Character table for Td group 

Table 2.4. Direct products for Td group 

Td E 8C3 3C2 6S4 6σd 

A1 1 1 1 1 1 x2 + y2 + z2 

A2 1 1 1 −1 −1

E 2 −1 2 0 0 (2z2 − x2 − y2, 
√

3(x2 − y2)) 

T1 3 0 −1 1 −1 (Rxy, Ryz, Rzx)

T2 3 0 −1 −1 1 (x, y, z) (xy, yz, zx) 

A1 A2 E T1 T2 

A1 A1 A2 E T1 T2 

A2 A1 E T2 T1 

E A1 + A2 + E T1 + T2 T1 + T2 

T1 A1 + E + T1 + T2 A2 + E + T1 + T2 

T2 A1 + E + T1 + T2 
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2.1.4.2. Charge Transfer in Eu3+-Doped Phosphors 

In the previous section, the CT transition between the transition metal ions in the high oxidation 

state and ligands. The CT transition can take place on Ln3+ ions as well and is discussed in this 

section briefly. The Ln3+ ions with 4fN electronic configuration take not only the excited states of 

4fN or 4fN−15d1 configuration but also the CT excited states with higher energy than 5d excited 

states. Since the CT transition causes the reduction of Ln3+ ions like transition metal ions, the 

CT excited states take lower energy for the Ln3+ ions that have filled or half-filled 4f orbitals and 

easily be reduced into divalent states, like Sm3+, Eu3+, Tm3+, and Yb3+. In particular, Eu3+ has lower 

CT states than the 4f55d1 states, resulting in the highly efficient excitation process via the CT 

states in various Eu3+-activated phosphors. 

    The CT energy for Eu3+ depends on the electronegativity of anions in inorganic host 

compounds; accordingly, the CT energy is typically shifted to lower energies in the order of 

fluorides, oxides, and nitrides. Figure 2.8 shows the energy levels in the cation-anion bonding 

with the MO theory and the band structure. In the MO picture, the energy of anion p orbitals 

lowers, according to the order of the Pauling electronegativity χp (χp,F = 3.98 > χp,O = 3.44 > χp,N 

= 3.04) [22]. Here, the anion p orbitals are dominant in the bonding orbitals, while the cation 

orbitals mainly form the antibonding orbitals. Since an accumulation of these MOs forms the 

band structure, the bonding orbitals form the valence band (VB). Therefore, the VB top shifts 

Figure 2.8. Schematic illustrations of the molecular orbital and band structure for fluorides, oxides, and nitrides. 
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to the high energy side in the order of fluorides < (oxyfluorides <) oxides < (oxynitrides <) 

nitrides. The CT transition is interpreted as the electronic transition from the VB top (i.e., anion 

p orbitals) to the 4f ground level of Eu2+, accompanied by the valence state change of Eu3+ + e− → 

Eu2+. Because the Eu2+ ground level is almost unchanged in various compounds due to the 

shielding effect of inner 4f orbitals, the order of the CT energy roughly follows the order of the 

anion electronegativity in the host compounds.  

2.1.5. Carrier Recombination via Exciton States 

Until now, the luminescence phenomena related to the impurity ions or isolated polyhedra with 

transition metals in inorganic compounds are discussed. However, in solids, there are cases 

where luminescence is derived not from the intrinsic transition in some ions but from a given 

quantized state. The exciton state is one of the significant states related to photon emission 

processes. In this section, the exciton in solids and its features are briefly introduced. 

2.1.5.1. Exciton in Solids 

Let us consider a given semiconductor with a direct bandgap at the Γ point in reciprocal space 

(i.e., k = 0). When an electron is excited to the conduction band (CB) through the band-to-band 

transition, a hole is generated in the VB. The electron in the CB and hole in the VB are attracted 

by the Coulomb interaction, indicating that the electron in the CB is excited to the binding state 

in the electrostatic field formed by the hole. The CB electron and VB hole move together in the 

crystal and behave as if they were a single neutral particle; this is the exciton. The absorption 

band attributed to (host) exciton creation has lower energy than the bandgap by the binding 

energy of the exciton 0.008(Eex)2 (Eex: host exciton creation energy) [4,23]. The loosely binding 

exciton with a much bigger effective radius than interatomic distances in the lattice is called the 

Wannier exciton. On the other hand, the strongly binding exciton is the Frenkel exciton, in which 

the electron and hole are located on the same atom in the binding state.  

    In the case of the perfect crystal, the exciton can move freely (i.e., free exciton). However, 

because the actual crystal contains a variety of point defects, including impurity ions and lattice 

vacancies, the exciton can be trapped in these defects, called the impurity-trapped exciton (ITE). 
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Especially at cryogenic temperatures, almost all exciton form the ITE state. In the photon 

emitting process of the free exciton in the direct bandgap semiconductor, only the free excitons 

with small momentum contribute to the luminescence, according to the momentum 

conservation. On the contrary, the transition probability of the ITE state is high because, in the 

first place, the momentum is small enough. When the exciton is generated in a given alkaline 

halide MX, the hole is trapped by two X− ions, resulting in a pseudo-molecular state of X2
−. This 

state is called Vk-center. In the self-trapped exciton (STE) state, the electron is trapped by the Vk-

center. The decay rates of luminescence related to the free exciton and STE states are in order of 

pico-seconds and nano-seconds, respectively. The decay rate of the ITE luminescence is longer 

than theirs.  

2.1.5.2. Anomalous Luminescence Related to Impurity-Trapped Exciton States 

Divalent Eu ions show the bright luminescence assigned to the parity-allowed 5d-4f transition. 

However, in some Eu2+-doped phosphors, anomalous luminescence is observed, which cannot 

be explained by the typical Eu2+: 5d-4f transition. For example, the BaS:Eu2+ phosphor shows the 

very broad (= 3980 cm−1 at T = 293 K) near-infrared luminescence (λem = 878 nm) with the large 

Stokes shift of 6925 cm−1 [23]. The luminescence properties of the BaS:Eu2+ phosphor are 

unexpected from the chemical tendency of the AES:Eu2+ (AE = Ca, Sr) materials; that is, the 

luminescence does not correspond to the tendency that the luminescence peak gets blueshifted 

with the crystal field strength decreasing. This anomalous luminescence is assigned to the 

luminescence from the Eu2+-trapped exciton (ETE) states. The anomalous luminescence related 

to Eu2+- or Yb2+-trapped exciton states is reviewed by Pieter Dorenbos [24]. Here, some features 

of the ETE luminescence are introduced.  

    The anomalous luminescence related to the ETE states has the following three 

characteristics; (1) an abnormally large Stokes shift (5000–10000 cm−1) and width (> 4000 cm−1 

at ambient temperature) of the emission band, (2) a wavelength of emission that is not consistent 

with the wavelength anticipated from the properties of the compound, and (3) an anomalous 

decay time and thermal quenching behavior. These characteristics can be explained by the 

configuration coordinate diagram (Figure 2.9), in which the 5d1 and ETE states are considered. 
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The parabolas a–e represent the adiabatic potential curves of the following states; a: the 4fN 

ground state (gs), b: the 4fN−15d1 excited state, c: the 4fN excited state (es), d and e: the ITE states. 

The typical 5d-4f absorption and emission processes are described by the processes of A → B and 

C → D, respectively. If the potential curve of the ITE state is located below that of the 5d1 excited 

state, the excited state relaxed down to the minimum point of the ITE parabola accompanied by 

the lattice relaxation. The ITE state has a larger configuration coordinate offset than the 5d1 

excited state. In the ITE state, the electron no longer localizes at the Eu2+ ion, illustrated by the 

binding state of Eu2+ → Eu3+ + e−. Because of the strong Coulomb attraction of the small Eu3+ ion, 

the ligand shift in the ITE state should be larger than that of the 5d1 excited state. If the binding 

between the Eu3+ and e− is relatively weak, the electron can exist beyond the lattice, which is 

called the Rydberg state with slightly lower energy than the ETE state. If the ITE state is in the 

high energy state (parabola e), the ETE state is no longer stable. The parabola e intersects with 

Figure 2.9. Configuration coordinate diagram illustrating normal 5d-4f transition and anomalous luminescence 
related to Ln2+-trapped exciton states [24]. 
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the 4fN (es) parabola c nearby the minimum point of the parabola e, leading to the thermal 

activation crossover quenching with a small activation energy. The stable ETE state is desirable 

to obtain anomalous luminescence. In this diagram, the observed ETE luminescence is depicted 

by the process E → F. The large offset provides the large width and Stokes shift of the 

luminescence band. The ETE state is independent of the 5d1 excited state, leading to unexpected 

features from the chemical tendency of the host composition. The anomalous thermal behavior 

can be correlated with the non-radiative relaxation process caused by the thermal energy over 

the binding energy of the exciton state.  

2.2. Theory of Host Materials 

Inorganic solids are mainly composed of the following two phases; the crystalline phase with 

the ordered structure over long distances and the amorphous phase with the random structure 

of locally ordered units. In both phases, the luminescence properties of doped activators depend 

on the local environment and the electronic structure of the host material. In this section, the 

point groups in crystals describing structural features of local environments and the vacuum 

referred binding energy (VRBE) diagram representing the relative positions of the energy levels 

of impurity ions and host bandgap are introduced. The point groups provide important 

information about the orbital selection rules of electronic transition. On the other hand, by 

constructing and applying the VRBE diagram, the thermal quenching mechanism of 

luminescence and persistent luminescence with the carrier-trapping scheme are explained. Both 

concepts are essential factors to discuss and evaluate in detail the properties of functional 

luminescent materials. 

2.2.1. Characterization of Local Structure Based on Group Theory 

2.2.1.1. irty-Two Point Groups of Polyhedra in Solids 

The symmetry of molecules, coordination polyhedra, and crystalline lattices can be described 

by the (mathematical) group theory. The fundamental group theory is referred to in some 

textbooks [4,26]. Molecules can take countless spatial symmetries. As it must be compatible with 
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translational symmetry to achieve repetition of the unit cell, however, the number of the 

symmetrical groups in crystals is only thirty-two. The thirty-two point groups in crystals and 

their symmetry elements are listed in Table 2.5. The point groups in each crystal system are 

denoted by the Hermann-Mauguin (international) notation and Schönflies notation. In this 

dissertation, the point groups are represented in the Schönflies notation. Considering the order 

(or dimension) of each group, the same symmetry elements are shown in the coefficients. Here, 

the identity operation E is omitted except for C1 symmetry.  

    The irreducible representation (irrep) Γi for each group is denoted by the Mulliken 

notation. The general symbol in the Mulliken notation is Xij
s, where each letter is represented 

according to the following three rules. (1) The capital letter X means the dimension of irreps. 

The one-, two-, and three-dimension irreps are denoted as A or B, E, and T, respectively. The 

character of the main rotation axis determines the symbol of the one-dimension irreps; 

symmetric A and antisymmetric B. (2) The first subscript i is X1 if it is symmetric with respect 

to the two-fold rotation axis C2 or the vertical mirror plane σv, and X2 if it is antisymmetric. The 

second subscript j identifies the parity of the group; i.e., gerade (Xg) or ungerade (Xu). (3) The 

superscript s is X’ if it is symmetric with respect to the horizontal mirror plane σh, and X” if it is 

antisymmetric. In the character table for the Td symmetry, the irreps for the Td group are 

denoted as A1, A2, E, T1, and T2. The summation of the squared dimensions for each irrep 

corresponds to the number of the symmetry elements (order). All the groups contain the 

identity representation (or totally symmetric) A.  
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Table 2.5. Thirty-two point groups in crystal structures 

crystal system order 
Hermann-
Mauguin 
notation 

Schönflies 
notation symmetry elements 

Triclinic 
1 1 C1 E 
2 1 ̅ Ci i 

Monoclinic 
2 2 C2 C2 
2 m Cs σh 
4 2/m C2h C2, σh, i 

Orthorhombic 
4 222 D2 C2(x), C2(y), C2(z) 
4 mm2 C2v C2, σv, σv’ 
8 mmm D2h C2(z), C2(y), C2(x), i, σ(xy), σ(yz), σ(zx) 

Tetragonal 

4 4 C4 C4, C2, C4
3 

4 4 ̅ S4 S4, S2, S4
3 

8 4/m C4h C4, C2, C4
3, i, S4

3, σh, S4 
8 422 D4 C2, 2C4, 2C2, 2C’2 
8 4mm C4v C2, 2C4, 2σv, 2σv’ 
8 42̅m D2d C2, 2S4, 2C2, 2σd 

16 4/mmm D4h 2C4, C2, 2C2’, 2C2”, i, 2S4, σh, 2σv, 2σd 

Trigonal 

3 3 C3 C3, C3
2 

6 3 ̅ S6 C3, C3
2, i, S6

5, S6 
6 32 D3 2C3, 3C2 
6 3m C3v 2C3, 3σv 

12 3m̅ D3d 2S4, C2, 2C2’, 2σd 

Hexagonal 

6 6 C6 C6, C3, C2, C3
2, C6

5 
6 6 ̅ C3h C3, C3

2, σh, S3, S3
5 

12 6/m C6h C6, C3, C2, C3
2, C6

5, i, S3
5, S6

5, σh, S6, S3 
12 622 D6 C2, 2C3, 2C6, 3C2, 3C2’ 
12 6mm C6v C2, 2C3, 2C6, 3σv, 3σv’ 
12 62̅m D3h 2C3, 3C2, σh, 2S3, 3σv 

24 6/mmm D6h 
2C6, 2C3, C2, 3C2’, 3C2”, i, 2S3, 

2S6, σh, 3σd, 3σv 

Cubic 

12 23 T 4C3, 4C3
2, 3C2 

24 m3 Th 4C3, 4C3
2, 3C2, i, 4S6, 4S6

2, 3σd 
24 432 O 6C4, 8C3, 3C2, 6C2’ 
24 43̅m Td 8C3, 3C2, 6S4, 6σd 
48 m3m̅ Oh 8C3, 6C2, 6C4, 3C2, i, 6S4, 8S6, 3σh, 6σd 
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2.2.1.2. Orbital Selection Rule — Estimation of Allowed/Forbidden Transition 

One of the important discussions with the point groups is the prediction of the orbital selection 

rules. According to Fermi’s golden rule, the transition probability is proportional to the squared 

matrix elements. If the matrix elements output some non-zero value, the transition is allowed; 

otherwise, it is forbidden. Although it is necessary to calculate the integrals to obtain the 

transition probability with computational techniques, one can consider only the symmetry of 

the wavefunction when it comes to determining whether zero or non-zero. In the case of the 

transition between states a and b, the wavefunctions Ψa and Ψb are given, whose symmetries are 

denoted by the irreps Γa and Γb. By assuming the transition operator f, whose symmetry 

corresponds to the irreps Γf, the matrix elements of the transition are described as follows; 

〈𝛹𝛹a|𝑓𝑓|𝛹𝛹b〉 = �𝛹𝛹a
∗𝑓𝑓𝛹𝛹b𝑑𝑑𝑞𝑞 . (2.88) 

Besides, the whole product in the integral (eq. 2.88) corresponds to the direct product of three 

irreps Γa ⊗ Γ𝑓𝑓 ⊗ Γb , leading to a reducible representation Γ. If the Γ contains the identity 

representation A, the matrix elements in eq. 2.88 are not zero, resulting in the allowed transition 

between the states a and b caused by the operator f.  

    As an example, let us consider the orbital selection rules for the ED transition in the Td 

group. The basis of the T2 irreps is {x, y, z}, which exactly corresponds to the components of the 

radius-vector and, by its definition, ED operator. Thus, the direct product of Γa ⊗ T2 ⊗ Γb is 

decomposed to find out whether the ED transition is allowed between two states Γa and Γb of the 

Td group. First, the A1 → T2 ED transition is examined, which is the LMCT transition in the 

[WO4]2− tetrahedron. The characters of the direct product A1 ⊗ T2 ⊗ T2 are as follows; 

Td E 8C3 3C2 6S4 6σd 

A1 ⊗ T2 ⊗ T2 9 0 0 1 1 

and this 9-dimensional reducible representation can be decomposed into the following irreps of 

the Td group: A1 + E + T1 + T2. It contains the identity irrep A1, which makes the A1 → T2 

transition allowed in the ED approximation. All other combinations of the irreps in the Td group 

can be examined as well. Table 2.6 shows all allowed (denoted by “+”) and forbidden (denoted 
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by “−”) ED transitions in the Td group. 

A similar analysis can be applied to the transition with arbitrary operators between two 

states in other point groups. Therefore, one can discuss to some extent the assignment of the 

transition and the selection rules of luminescence phenomena under the ED approximation. 

Table 2.6. Allowed and forbidden ED transitions between the states with the symmetry of the irreps of the Td group 

Td A1 A2 E T1 T2 

A1 − − − − + 

A2 − − − + −

E − − − + +

T1 − + + + +

T2 + − + + + 

2.2.2. Energy Level Structure of Lanthanoid Ions in Host Band Structure 

Lanthanoid ions doped in the inorganic host materials form the local 4f energy level structure 

in the host bandgap, resulting in unique features. For example, the impurity of Dy3+ ions in the 

SrAl2O4:Eu2+ phosphor form the electron-trapping level just below the CB bottom, leading to 

Eu2+ persistent luminescence with the long duration > 30 h [26,27]. The 5d excited levels for Ce3+ 

or Eu2+ nearby the conduction band bottom can cause thermal quenching even at ambient 

temperature [28]. Deep insight into the Ln2+/Ln3+ energy level structures in the bandgap is 

inevitable for the study on the Ln-activated luminescent materials.  

    As the difference of 4f energy levels of Ln2+/Ln3+ ions is almost independent of the local 

environment (known as the “zigzag” curves), their relative positions in the host bandgap can be 

predicted by limited spectroscopic data to some extent. The semi-empirical model depicting the 

energy level diagram related to the host bandgap and relative positions of 4f levels has been 

proposed by Pieter Dorenbos [29,30]. The vacuum referred binding energy (VRBE) diagram 

consists of the following four models; (i) redshift model, (ii) centroid shift model, (iii) charge 
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transfer model, and (iv) chemical shift model. 

(i) Redshift Model. As shown in section 2.1.2.2, the energy difference between the 4fn ground

and 5d1 excited states for LnQ+ in a compound A Efd(n, Q, A) is smaller than that in the free ion

state Efd(n, Q, free). This model suggests that if the LnQ+ ion is incorporated in the same site of

compound A, the depression D(Q, A) is independent of the number of the 4f electrons n; i.e.,

the D(Q, A) value is common for all Ln2+/Ln3+ ions. This model is described by the following

equation;

𝐸𝐸fd(𝑛𝑛,𝑄𝑄,𝐴𝐴) = 𝐸𝐸fd(𝑛𝑛,𝑄𝑄, free) − 𝐷𝐷(𝑄𝑄, 𝐴𝐴). (2.89) 

(ii) Centroid Shift Model. The overlap of the five 5d orbitals for Ln ions provides the symmetric

spherical distribution function of 5d electrons. Considering such a spherical field, one can

discuss the interaction between the 5d orbitals and the chemical features of the ligand field that

depends on the covalency or polarizability of coordinating anions. The centroid shift for the

Ce3+: 5d levels εc(1, 3+, A) is usually determined because Ce3+ has only one 4f electron and it is

easy to analyze the crystal field splitting of 5d levels.

(iii) Charge Transfer Model. As discussed in section 2.1.4.2, the LMCT transition between the

Ln3+ ion and ligands takes place. A number of studies on the CT energies of Eu3+-doped

compounds ECT(6, 3+, A) are accessible, leading to the following relationship with the VB top

EV(A) and the Eu2+ 4f ground level E4f(n + 1, 2+, A);

𝐸𝐸4f(𝑛𝑛 + 1, 2+,𝐴𝐴) = 𝐸𝐸V(𝐴𝐴) + 𝐸𝐸CT(6, 3+,𝐴𝐴) + ∆𝐸𝐸(𝑛𝑛 + 1, 7, 2 +), (2.90) 

where ∆E(n + 1, 7, A) means the energy difference of Ln2+ with respect to the Eu2+ 4f ground 

level; in short, the CT energy of Eu3+ enables us to obtain the 4f ground levels for all other Ln2+ 

ions with respect to the VB top. By combining the redshift and CT models, the host referred 

binding energy (HRBE) diagram is constructed, in which the VB top is set at 0 eV.  

(iv) Chemical Shift Model. In order to discuss the luminescent properties of Ln-doped

compounds as originally intended, it is necessary to compare the Ln2+ and Ln3+ 4f ground levels

in different hosts. By introducing the influence of the Coulomb interaction, the VRBE levels for

Ln ions are obtained. The Coulomb repulsion energy U(n, A) is defined as follows;
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𝑈𝑈(𝑛𝑛,𝐴𝐴) ≡ 𝐸𝐸4f(𝑛𝑛, 3+,𝐴𝐴) − 𝐸𝐸4f(𝑛𝑛 + 1, 2+, 𝐴𝐴). (2.91) 

Usually, the U(6, A) value for Eu3+ is calculated because the Eu2+ 4f ground level is accessible 

from the CT model. By utilizing the centroid shift for the Ce3+: 5d levels, the U(6, A) is 

experimentally obtained with the following empirical equation; 

𝑈𝑈(6,𝐴𝐴) = 5.44 + 2.834 × exp�− 𝜀𝜀c(1, 3+, 𝐴𝐴)
2.2 � . (2.92) 

By using this U(6, A) value, one can obtain the VRBE for Eu2+; 

𝐸𝐸4f(7, 2+,𝐴𝐴) = −24.92 + 18.05 − 𝑈𝑈(6,𝐴𝐴)
0.777 − 0.0353 × 𝑈𝑈(6, 𝐴𝐴)

, (2.93) 

where −24.92 eV is the vacuum referred Eu2+ energy level in the free ion state, 18.05 eV is the 

Coulomb repulsion energy for the Eu ion in the free ion state, and the coefficients of 0.777 and 

0.0353 are obtained from the ionic radii.  

    Considering these models, one can obtain the VRBE diagram of compound A. Figure 

2.10 shows the VRBE diagram for the Y3Al2Ga3O12 host. For example, by using this VRBE 

diagram, the trap depths of Ln2+ ions are estimated, leading to the prediction of the suitable host 

composition and the selection of the optimal Ln2+ ion for the electron-trapping center to obtain 

the persistent luminescence with a long duration.  

Figure. 2.10. Host and vacuum referred lanthanoid 4f-electron binding energies in the Y3Al2Ga3O12 host [31]. 
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Chapter 3  
Intense Hypersensitive Luminescence of Eu3+-

Doped Oxynitride with Near-UV Excitation 

Abstract 
Nowadays, highly efficient red phosphors with blue or near-UV excitation are strongly required to 

improve the performance of existing white LEDs. With this aim in view, the Eu3+-doped YSiO2N ceramics 

with the pseudo-wollastonite structure was fabricated and thoroughly studied spectroscopically. The 

presence of two anions – O2− and N3− − around Eu3+ ions causes a shift of the host valence band (VB) to 

lower energy and a certain asymmetry of the impurity sites. After illumination by near-UV excitation 

light (280–360 nm), the YSiO2N:Eu3+ sample exhibited strong red luminescence at around 620 nm 

assigned to the hypersensitive 5D0 → 7F2 transition of the Eu3+ ions. Compared with three Eu3+-doped 

oxides (α-CaSiO3:Eu3+, which has the same pseudowollastonite structure, and α- and y-Y2Si2O7:Eu3+ 

which have the same cation composition), the charge transfer (CT) band was redshifted by more than 

9500 cm−1 because the VB top increases. From the Judd-Ofelt analysis, it was found out that the 

YSiO2N:Eu3+ sample has the large Judd-Ofelt intensity parameter, Ω2, which is correlated with the 

dopant’s site asymmetry. As expected, the mixed-anion coordination, which consists of oxide and nitride 

anions, resulted in the strong hypersensitive transition at 620 nm, which is characteristic Eu3+ red 

luminescence at the lower symmetry site. In addition, the fluorescence lifetime of the Eu3+ luminescence 

at 0 K (τ0) was estimated experimentally to be 0.664 ms, which was shorter than the radiative lifetime 

(τR), 1.32 ms, based on the Judd-Ofelt analysis. The experimental quantum yield measured with an 

integrating sphere, 32.3%, was lower than the internal quantum efficiency, 50.3 %, evaluated from the 

ratio of τ0/τR. The proposed material can be suitable for applications as a red phosphor.  
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3.1.  Introduction 

As an eco-friendly light source of the next generation of lighting devices, white light-emitting 

diodes (w-LEDs) are getting more and more popular because of many factors, such as lower 

energy consumption, longer lifetime, and higher luminescent efficiency [1,2]. The common 

commercialized w-LEDs consist of an InGaN blue LED chip and a yellow phosphor, 

Y3Al5O12:Ce3+ [2–4]. In this case, the white light is obtained by combining the transmitted blue 

light and yellow light converted by the phosphor. However, this type of w-LEDs shows a weak 

emission intensity in the red spectral region, with the result of low color rendering index (CRI) 

and high correlated color temperature (CCT) [5,6]. To overcome this drawback by increasing 

CRI and lowering CCT, many phosphors which supply red luminescence with blue or near-UV 

excitation light have been developed in recent years [7]. For instance, nitrides activated by 

divalent europium, Eu2+, such as CaAlSiN3:Eu2+ (CASN:Eu2+) [8] and Sr2Si5N8:Eu2+ [9], are 

famous commercialized red phosphors for improving CRI and CCT of w-LEDs. These 

phosphors have a broad emission band attributed to the Eu2+ 5d → 4f parity allowed transition 

from yellow to deep-red light because the 5d energy level is shifted to lower energy due to the 

nephelauxetic effect of nitrogen with higher covalency. Since CASN:Eu2+ exhibits broad 

emission from 600 nm to 750 nm peaking at 660 nm (which can be excited by blue light), it can 

be a suitable phosphor for w-LEDs with high CRI. However, because of the big mismatch 

between the sensitivity curve of photopic vision and the luminescence spectrum of CASN:Eu2+, 

the luminous efficacy in the w-LED system using the CASN:Eu2+ phosphor is not so high 

(Figure 3.1). In this respect, the phosphors with a narrow emission band at around 620 nm are 

more suitable, because in this case, overlap with the human eye sensitivity curve is enhanced, 

thus leading to the increased efficacy. 

    In this work, trivalent europium Eu3+ is used as the luminescent impurity. Usually, Eu3+ 

ions show the characteristic luminescence with narrow bands in the red spectral region (590–

640 nm), attributed to the 4f-4f parity forbidden transitions. However, conventional Eu3+-doped 

oxide phosphors have an intense excitation band only in the deep-UV (~250 nm) region [10,11], 
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where very few commercialized LEDs with high power and efficiency are yet available. As this 

excitation band depends on the energy of the VB top [12], red phosphors activated by Eu3+ for 

w-LED applications require the upward energy shift of the VB. In oxides, the VB is mainly

formed by the O 2p orbitals, and many oxide compounds have a similar VB top energy. On the

other hand, in (oxy)nitrides, the VB consists of both O 2p and N 2p orbitals, and the VB top is

dominated by the N 2p states because the electronegativity of nitrogen is smaller than that of

oxygen. As a result, the VB top of (oxy)nitrides is located higher than that of oxides [13]. Hence,

it is expected that, in (oxy)nitrides, the Eu3+ red luminescence can be obtained with lower

excitation energy. Moreover, in some cases of the Eu3+-doped oxynitrides, enhancement of red

luminescence intensity can be anticipated. Red phosphors activated by Eu3+ ions show several

characteristic narrow bands assigned to the 5D0 → 7F2,4,6 electric dipole (ED) transitions, whose

transition probability largely depends on the local environment around Eu3+ [14,15]. In some

oxynitrides, Eu3+ is coordinated not only by oxide anions but also nitride anions, and the local

environment with such mixed-anion coordination affects the Eu3+ luminescence.

In this paper, we report the photoluminescent properties of the Eu3+-doped yttrium 

Figure 3.1 Photoluminescence spectra of conventional Eu-activated red phosphors (CASN:Eu2+ and Y2O3:Eu3+) and 
sensitivity curve of photopic vision. 
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silicon oxynitride, YSiO2N, with the pseudowollastonite structure [16]. This compound was 

chosen because of the anticipated upward energy shift of the VB top on the one hand and the 

low symmetry local structure around Eu3+ ions due to the mixed-anion coordination on the 

other hand. To evaluate the mixed-anion effect, three Eu3+-doped oxides, α-CaSiO3:Eu3+, α-

Y2Si2O7:Eu3+, and y-Y2Si2O7:Eu3+, were also prepared with the aim of comparing their 

luminescent properties with the selected oxynitride. These oxides were chosen because of their 

structural and compositional features strongly related to those of YSiO2N: α-CaSiO3 is 

isostructural with YSiO2N [15]; α-Y2Si2O7:Eu3+ has the same cation composition and 

coordination number of Y3+ sites (eight-fold) [17–19]; y-Y2Si2O7:Eu3+ has the same cation 

composition but different coordination number of Y3+ sites (six-fold) [17,18]. The 

photoluminescence spectra were analyzed based on the Judd-Ofelt theory [20–22], which allows 

for quantitative estimations of the radiative transition probabilities of the lanthanide ions 

emission transitions. Since the Judd-Ofelt intensity parameter Ω2 is strongly correlated with the 

site asymmetry around lanthanides [23,24], a comparative analysis of these Ω2 parameters in all 

prepared samples was performed to discuss the mixed-anion effect on the Eu3+ 4f-4f red 

luminescence. 

3.2. Experimental Procedure 

3.2.1. Synthesis 

Eu3+-doped and non-doped yttrium silicon oxynitride samples with the compositions of 

Y0.99SiO2N:Eu3+
0.01 and YSiO2N were fabricated by the solid-state reaction method. The starting 

materials, Y2O3 (99.99%, Mitsuwa Chemicals), SiO2 (99.9%, Kojundo Chemical Laboratory), 

Si3N4 (99.9%, Kojundo Chemical Laboratory), and Eu2O3 (99.99%, Furuuchi Chemical), were 

weighed in the glove box filled with high-purity argon gas and mixed homogeneously by ball 

milling with ethanol for an hour. The mixed powder was dried at 100 °C for 24 h. After the 

mixture was pressed into a pellet, the pellet was covered with BN pellets and laid in an alumina 

crucible. This crucible was put into another larger alumina crucible with carbon powder, and 
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then the sample pellet was sintered at 1600 °C for 24 h under nitrogen gas flow. Upon cooling 

to room temperature, the as-made Eu3+-doped sample was annealed at 700 °C for 24 h under 

nitrogen gas flow. In addition, to compare the photoluminescence properties, three Eu3+-doped 

oxide phosphors, α-CaSiO3:Eu3+, α-Y2Si2O7:Eu3+, and y-Y2Si2O7:Eu3+, were prepared by the solid-

state reaction method with rapid cooling (1250 °C, 6 h, in the air), the sol-gel method (1100 °C, 

6 h, in the air) [16], and annealing the YSiO2N:Eu3+ sample in the air atmosphere (1000 °C, 24 

h), respectively. 

3.2.2. Characterization 

X-ray diffraction (XRD) measurements were carried out with a diffractometer (XRD-6000,

Shimadzu) with CuKα radiation. Thermogravimetry (TG) and differential thermal analysis

(DTA) of the non-doped YSiO2N sample were performed with a TG-DTA analyzer (TG8120,

Rigaku). The sample and the reference compound, α-Al2O3, were weighed in the platinum pan

and heated up to 1000 °C at a rate of 10 K min−1. Diffuse reflectance spectra of samples were

measured by a spectrophotometer (UV-3600, Shimadzu) equipped with an integrating sphere.

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of all Eu3+-doped

samples were measured by using two monochromators (SP-2300i and SP-300i, Acton), a PMT

detector (R11041, Hamamatsu Photonics), and a xenon lamp (R300-3J, Eagle Engineering

Aerospace). To observe the PL and PLE at low temperatures (~ 90 K), the spectra were measured

with a temperature-controlled stage (10035L, Linkam). For the fluorescence lifetime

measurement, a fluorescence lifetime spectrometer (Quantaurus-Tau-C11367, Hamamatsu

Photonics) was used. To estimate the PL quantum yield (QY), a Si CCD spectrometer (USB-

2000+, Ocean Optics), a 10 inches integrating sphere (LMS-100, Labsphere), and a 325 nm He-

Cd laser (IK3452R-F, Kimmon Koha) were used. All the spectra were calibrated with a standard

halogen lamp (CSFS-600, Labsphere). 

3.2.3. Judd-Ofelt Analysis 

In the framework of the Judd-Ofelt theory, the spontaneous emission rate of lanthanide ions for 

the ED transition (AR
ED) and the magnetic dipole (MD) transition (AR

MD) from an initial state 
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|(S', L') J' > to a terminal state |(S, L) J > is described by eqs. 3.1 and 3.2, respectively [25]: 

AR
ED[(S'L')J';(SL)J] = 64π4e2ν 3

3h(2J' + 1)
 �n(n2 + 2)2

9
� � Ωt|〈(S', L')J'‖Ut‖(S, L)J〉|2

t = 2, 4, 6
, (3.1) 

AR
MD[(S'L')J';(SL)J] = 64π4n3ν 3

3h(2J' + 1)
 SMD, (3.2) 

where e is the charge of electron (= 4.803 × 1010 esu), ν is the centroid frequency of the transition, 

h is the Planck constant (= 6.626 × 10−27 erg s−1), n is the refractive index of the host material, Ωt 

(t = 2, 4, and 6) are the Judd-Ofelt intensity parameters, which are sensitive to the local 

environment of lanthanide ions, and |〈(S', L')J'‖Ut‖(S, L)J〉|2 terms are the doubly reduced 

matrix elements (RMEs) of the unit tensor operators, Ut, which are almost constant in all 

compounds. The value of SMD, the line strength of the MD transition, is constant because the 

MD transition probability is not changed largely in any host material. In the case of the Eu3+ 4f-

4f luminescence, SMD was calculated at 9.6 × 10−46 esu2 cm2 [26]. If Eu3+ ions are the luminescence 

center, the Judd-Ofelt intensity parameters, Ω2 and Ω4, can be calculated easily from the PL 

spectrum by using these two equations and the following equation, eq. 3.3 [23]: 
AR� D0

5 → F2,4
7 �

AR� D0
5 → F1

7 �
=

Iarea� D0
5 → F2,4

7 �
Iarea� D0

5 → F1
7 �

, (3.3) 

where Iarea is the area under the corresponding peak in the PL spectrum, whose vertical axis is 

proportional to the photon flux. By using eqs. 3.1–3.3, not only the Judd-Ofelt intensity 

parameters, Ω2 and Ω4, but also the spontaneous emission rates, AR(7FJ) (J = 1, 2, 4), were 

calculated. The Judd-Ofelt parameter Ω6 is usually calculated for the 4f-4f transitions of 

lanthanides except for trivalent europium. The 5D0 → 7F6 emission transition of Eu3+ is too weak 

to be detected and the |〈(S', L')J'‖U6‖(S, L)J〉|2  RME is much smaller than other RMEs, 

|〈(S', L')J'‖Ut‖(S, L)J〉|2 (t = 2, 4) [13,23,24]. This is why Ω6 and AR(7F6) were not calculated, 

and the total spontaneous emission rate AR (= AR
ED + AR

MD) did not contain the contribution of 

the 5D0 → 7F6 transition. For these calculations, the following values of refractive index were used: 

n(YSiO2N) = 1.94 [27], n(Y2Si2O7) = 1.76 [28], and n(CaSiO3) = 1.62 [29]. Although they were 

obtained by the first-principle calculation, these values are reasonable enough, considering the 

refractive index of SiO2 (n = 1.46) [30] and Si3N4 (n = 2.05) [31]. Furthermore, the radiative 

lifetime, τR, was estimated from eq. 3.4: 



Chapter 3. Intense Hypersensitive Luminescence of Eu3+-Doped Oxynitride with Near-UV Excitation 

75 

𝜏𝜏𝑅𝑅 = 1
𝐴𝐴𝑅𝑅

. (3.4) 

3.3. Results 

3.3.1. Crystal Structure of Prepared YSiO2N:Eu3+ Sample and Other Oxide 

Samples 

Figure 3.2a shows the XRD patterns of the fabricated oxynitride samples and the reference data 

for YSiO2N (JCPDS#01-074-7384). Compared with this reference data, the prepared oxynitride 

samples were identified as a single-phase of YSiO2N. From the XRD patterns of as-made and 

annealed Eu3+-doped YSiO2N, no difference was observed, i.e., the crystal structure of 

YSiO2N:Eu3+ did not change after annealing at 700 °C under nitrogen gas flow. Figure 3.2b 

Figure 3.2. (a) XRD patterns of fabricated oxynitride samples, non-doped YSiO2N, and as-made and annealed Eu3+-
doped YSiO2N, with the reference data for YSiO2N (JCPDS #01-074-7384). (b) Crystal structure of YSiO2N with 
pseudowollastonite structure. (c) Enlarged local structures of three different Y3+ sites from different points of view. 
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shows the unit cell of YSiO2N with the pseudowollastonite structure, and Figure 3.2c shows the 

enlarged local structures of Y3+ sites, which are edge-shared by each other. These crystal 

structures were drawn by using the VESTA program [32]. According to the previous report [25], 

the structure of YSiO2N is described by the P6122 space group and has three different Y3+ sites 

with eight-fold coordination, Y1, Y2, and Y3 sites. Y1 and Y2 sites have similar bond angles N-

Y-N, 148.8° and 147.6°, respectively. On the other hand, Y3 sites have a different bond angle N-

Y-N, 179.2°. Therefore, YSiO2N has two distinct kinds of Y3+ sites; one is the high symmetric site, 

Y1 and Y2, and the other is the high symmetric site, Y3. All Y3+ sites are coordinated by six oxide 

anions and two nitride anions. The XRD patterns of prepared oxides are shown in Figures 3.3a–

3c. The prepared α-CaSiO3:Eu3+ and α-Y2Si2O7:Eu3+ samples were a single phase of the target 

compound. Only in the y-Y2Si2O7:Eu3+ XRD patterns, there are small peaks at around 31° and 

40° due to the impurity phases. These peaks correspond to the reference data for δ-Y2Si2O7 

(JCPDS#01-082-0732). 

     In general, in the case of oxynitride compounds, it is difficult to identify O2− and N3− 

positions from the XRD analysis due to their smaller difference in atomic scattering factors for 

X-ray. In this work, the net nitrogen ratio toward oxygen in the sample was estimated by the

TG-DTA. Figure 3.4 shows the TG and DTA curves of non-doped YSiO2N. For the DTA curve,

an exothermic peak was observed around 900–1000 °C. Similarly, for the TG curve, the weight

Figure 3.3. XRD patterns of oxide samples, (a) α-CaSiO3:Eu3+, (b) α-Y2Si2O7:Eu3+, and (c) y-Y2Si2O7:Eu3+. Each 
pattern is shown with the reference data (JCPDS #01-089-6463, #00-021-1457, and #00-048-1623, respectively). In 
Figure 3.3c, an impurity phase, δ-Y2Si2O7, is observed and shown with its reference data, JCPDS #01-082-0732. 
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of the sample started to increase at about 900 °C. The ratio of the increased mass of the sample 

from room temperature to 1000 °C (∆M) to the initial mass (M0) was 5.86%. These facts and 

Figure 3.3c indicate that the following oxidation of oxynitride (reaction (5)) occurred over 

900 °C.  

2YSiO2N + 3/2O2 → y-Y2Si2O7 + N2↑ (5) 

In this reaction (5), the theoretical weight increases were calculated to be 6.13%. Therefore, it is 

assumed that the sample almost has the stoichiometric nitrogen ratio. 

3.3.2. Luminescence Properties of Eu3+-Doped YSiO2N 

The images of the fabricated oxynitride samples, as-made and annealed YSiO2N:Eu3+, are shown 

in Figure 3.5a. Under w-LEDs lighting, the annealed sample looks white, while the color of the 

as-made sample is yellow. Under a Hg lamp excitation (365 nm), only the annealed sample 

shows the strong Eu3+ red emission, and the luminescence of the as-made sample is very weak. 

Figure 3.4. TG (blue) and DTA (red) curves of non-doped YSiO2N sample. The broken line shows the temperature 
profile of (1) heating and (2) cooling process. 
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To investigate the origin of this difference between the as-made and annealed samples, diffuse 

reflectance spectra of all oxynitride samples were measured and shown in Figure 3.5b. The 

vertical axis is converted to the Kubelka-Munk function [32]. In the spectrum of non-doped 

YSiO2N, no absorption band was observed above 280 nm except for the influence of the Rayleigh 

scattering in the UV region. In both spectra of the as-made and annealed samples, one 

absorption band in the near-UV region (280–340 nm) was observed. However, the absorption 

band in the visible region (360–520 nm) was seen only in the as-made sample. The origin of this 

broadband is discussed in section 3.4.1. 

     Figure 3.6a shows the PLE spectra of all the Eu3+-doped samples at 90 K by detecting the 

peak of Eu3+ red luminescence (YSiO2N: 626 nm, α-CaSiO3: 613 nm, α-Y2Si2O7: 611 nm, and y-

Y2Si2O7: 589 nm). All the spectra are normalized by the peak intensity of the 5D1 ← 7F0 MD 

transition (∆J = 1), which is not sensitive towards the Eu3+ local environment and is similar in 

any host material. For the annealed YSiO2N:Eu3+ sample, three broad bands and several narrow 

bands were observed. These several narrow bands were assigned to the following parity 

forbidden 4f-4f transitions of the Eu3+ ions: 5D4 ← 7F1 (363 nm), 5L6 ← 7F0 (394 nm), 5L6 ← 7F1 (403 

nm), 5D2 ← 7F0 (466 nm), 5D1 ← 7F0 (527 nm), and 5D0 ← 7F0 (580 nm). Similarly, other Eu3+-doped 

oxide samples show one broadband and several narrow bands, also assigned to the Eu3+ 4f-4f 

transitions. The PLE spectra in the range between 350 nm and 550 nm are enlarged in Figure 

Figure 3.5. (a) Images of as-made (left) and annealed (right) YSiO2N:Eu3+ sample, taken under w-LEDs lightning 
(top) and UV excitation (365 nm) (bottom). (b) Diffuse reflectance spectra of the non-doped, and as-made and 
annealed Eu3+-doped samples. The vertical axis is converted to the Kubelka-Munk function. 
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3.6b. In general, for many Eu3+-doped compounds, the 5L6 ← 7F0 transition shows the strongest 

PLE intensity among all Eu3+ 4f-4f transitions [13]. For all the Eu3+-doped oxide samples, the 

intensity of this transition was the strongest among all 4f-4f transitions. On the other hand, for 

the YSiO2N:Eu3+ sample, the PLE intensity of the 5D2 ← 7F0 transition was as strong as that of the 
5L6 ← 7F0 transition. 

In Figure 3.7, the PL spectra of all Eu3+-doped samples at 90 K are compared. All the PL 

spectra were normalized by the peak intensity of the 5D0 → 7F1 MD transition (∆J = 1). All the 

samples were excited to the charge transfer state. Many sharp 4f-4f transition bands of Eu3+, 

assigned to the 5D0 → 7F0 (580 nm), 5D0 → 7F1 (585–600 nm), 5D0 → 7F2 (610–630 nm), 5D0 → 7F3 

(~650 nm), and 5D0 → 7F4 (680–720 nm) transitions, were observed. The intensity of the 5D0 → 
7F5 and 5D0 → 7F6 transitions was too weak to be detected. Each sample showed totally different 

spectral shapes and branching ratios of the 5D0 → 7FJ (J = 0–4) emission. The YSiO2N:Eu3+ sample 

exhibited quite strong 5D0 → 7F2 emission bands compared with the 5D0 → 7F1 bands. As a result, 

Figure 3.6. (a) Comparison of PLE spectra of all oxide and oxynitride samples at 90 K, normalized by the peak 
intensity of the 5D1 ← 7F0 MD transition, which is not sensitive towards the Eu3+ local environment and similar in 
any host material (YSiO2N:Eu3+; λem = 626 nm, α-CaSiO3:Eu3+; λem = 613 nm, y-Y2Si2O7:Eu3+; λem = 589 nm, α-
Y2Si2O7:Eu3+; λem = 611 nm). (b) Figure 3.6a in the range between 350 and 550 nm is enlarged. 
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the YSiO2N:Eu3+ sample showed a much larger 5D0 → 7F2 transition probability than other oxide 

samples. These luminescence features of the YSiO2N:Eu3+ sample are discussed in section 4.2.  

To estimate the intrinsic lifetime and the quenching temperature of the Eu3+ luminescence 

in the YSiO2N host, the temperature dependence of fluorescence decay curves of the Eu3+ 5D0 

excited state was measured, and the results are shown in Figure 3.8a. The decay curves below 

400 K were quite similar, and above 425 K, the slope of decay curves was getting steeper with 

increasing temperature. In order to estimate the lifetime at each temperature, each decay curve 

was fitted by using the following function: 

𝐼𝐼 = 𝐼𝐼0 exp�− 𝑡𝑡 𝜏𝜏f� � , (3.6)

where I0 is the initial intensity, and τf is the fluorescence lifetime at each temperature. The 

Figure 3.7. Comparison of PL spectra of all oxide and oxynitride samples at 90 K, normalized by the intensity of 
the 5D0 → 7F1 MD transition (YSiO2N:Eu3+; λex = 320 nm, y-Y2Si2O7:Eu3+; λex = 220 nm, α-Y2Si2O7:Eu3+; λex = 250 nm, 
α-CaSiO3:Eu3+; λex = 250 nm). 
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estimated fluorescence lifetime vs. temperature was plotted in Figure 3.8b and fitted by the 

following function: 

𝜏𝜏f =  1
𝛤𝛤ν  + 𝛤𝛤0exp(−𝐸𝐸a  𝑘𝑘𝑘𝑘⁄ )

, (3.7) 

where Γν is the radiative rate, Γ0 is the attempt rate of the nonradiative process, Ea is the activation 

energy, k is the Boltzmann constant, and T is temperature. The results of fitting are listed in 

Table 3.1. According to this result, the fluorescence lifetime at 0 K (τ0) and the quenching 

temperature of the Eu3+ emission in the YSiO2N host were estimated to be 0.664 ms and 523 K, 

respectively.  

Figure 3.8. (a) Temperature dependence of fluorescence decay curves of YSiO2N:Eu3+ sample excited at 340 nm. 
(b) Temperature dependence of fluorescence lifetime of YSiO2N:Eu3+ and fitting curve (eq. 3.7).
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Table 3.1. Calculated values from the temperature dependence of fluorescence lifetime measurement; the 
fluorescence lifetime (τ0), the radiative rate (Γν), the attempt rate of the nonradiative process (Γ0), and the quenching 
temperature of Eu3+ (T50%) 

τ0 (ms) Ea (eV) Γν (s−1) Γ0 (s−1) T50% (K) 

0.664 0.600 1.51 × 103 9.11 × 108 523 

     Figure 3.9 shows the spectral distribution of the photon emission rate of the YSiO2N:Eu3+ 

sample excited by the He-Cd laser (λ = 325 nm) and the photograph of the integrating sphere 

with a phosphor sample during the measurement. As the standard halogen lamp for calibration 

has no emission below 350 nm, the photon number of the He-Cd laser was corrected by the PL 

spectra of sodium salicylate, whose quantum yield (QY) in the UV region is known [33]. From 

these emission spectra, the QY of the YSiO2N:Eu3+ sample was calculated to be 32.3%. 

Figure 3.9. Photon distribution spectra of YSiO2N:Eu3+ sample (red line) and He-Cd laser (blue line). After 350 
nm, the spectrum of YSiO2N:Eu3+ is enlarged to 30 times. (inset) Photograph of integrating sphere with a phosphor 
sample excited by He-Cd laser (325 nm). 
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3.4. Discussion 

3.4.1. Oxidation Effect on Europium by Annealing at a Lower Temperature 

under N2 Gas Flow 

From diffuse reflectance spectra (Figure 3.5b), it was found out that the as-made YSiO2N:Eu3+ 

sample has a broad absorption band in the visible region (250–520 nm). Due to this absorption, 

the color of the as-made sample is yellow. As on the Ellingham diagram Eu3+ tends to be reduced 

to Eu2+ during the sintering process at very high temperatures (in this case at 1600 °C) [34], this 

band can be assigned to the 5d ← 4f transition of Eu2+. The Eu2+ ions can occupy the Y3+ sites of 

YSiO2N because the crystalline phase does not change before and after annealing from the XRD 

patterns (Figure 3.2a). On the other hand, the annealed sample does not have any absorption 

bands in the visible range assigned to the CT band from anions to Eu3+; thus, its color is white. 

This result shows that Eu2+ can be oxidized into Eu3+ by annealing at 700 °C under nitrogen gas 

flow. For the as-made sample, EuY
'  can be charge-compensated by positively charged defects, 

such as VN
 ∙∙∙ or ON

 ∙ , so that the oxidation of europium to Eu3+ is caused by the occupation of 

these defects by nitride anions.  

In addition, no luminescence was observed in the as-made YSiO2N:Eu3+ sample at room 

temperature when the sample was excited by any excitation light from the UV to the visible 

region. In the PLE spectrum of the YSiO2N:Eu3+ sample (Figure 3.6), a small broad band around 

210 nm was assigned to the absorption from the VB top to the conduction band bottom, and 

the bandgap of the YSiO2N:Eu3+ sample was calculated to be 6.48 eV [35]. Based on the bandgap 

energy (6.48 eV), the charge transfer energy (320 nm = 3.88 eV), and the 5d1 ← 4f energy of Eu2+ 

(400 nm = 3.1 eV), the lowest 5d1 state of Eu2+ is located within the conduction band. Thus, the 

luminescence quenching can be caused by the strong autoionization process. The weak red 

emission due to the Eu3+ 4f-4f transitions in the as-made YSiO2N:Eu3+ sample by 365 nm 

excitation can be caused by the strong parity allowed 5d ← 4f absorption of the Eu2+ ions at the 

excitation wavelength and the decrease of Eu3+ concentration. 
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3.4.2. Mixed-Anion Effect on Eu3+ Red Luminescence and Eu3+ Local 

Environment 

From the results of PLE and PL spectra (Figures 3.6 and 3.7), it was found out that only the 

YSiO2N:Eu3+ sample exhibits some special features; the specific broad excitation band in the 

near-UV region (280–360 nm), the strong intensities deriving from the 5D2 ← 7F0 transition (in 

the PLE spectrum, at 466 nm), and the 5D0 → 7F2 transition (in the PL spectrum, at 626 nm). Any 

oxide samples prepared in this study did not show these features. Thus, these specific 

luminescent properties of phosphors activated by Eu3+ can be caused by “the Mixed-anion 

effects.”  

In the PLE spectrum of the samples, each sample showed one or two broad excitation 

bands. These bands are assigned to the CT band from coordinating anions. The PLE intensity of 

the CT band was much higher than other 4f-4f bands; that is, the transition probability of CT 

from anions to Eu3+ is much greater than other transitions. Compared with the CT bands of the 

oxide samples, the peak wavelength of the CT bands of the YSiO2N:Eu3+ sample was redshifted 

by more than 80 nm (= 9500 cm-1). In the case of the YSiO2N:Eu3+ sample, the CT bands can be 

deconvoluted into two Gaussian functions. This deconvolution was conducted to the PLE 

spectrum in the wavenumber scale, and the broken lines in Figure 3.6a show the result of the 

CT bands deconvolution. The CT energy for Eu3+ is defined as the energy gap between the VB 

top and the 4f ground level of Eu2+ [11]. Since the N 2p orbitals have higher energy than the O 

2p orbitals due to the smaller N electronegativity, the N 2p orbitals dominate around the upper 

part of the VB. Therefore, these two bands, at the higher and lower energies, were assigned to 

the following Eu3+ CT bands: O2− → Eu3+ and N3− → Eu3+, respectively. It is suggested that mixed-

anion compounds like oxynitrides have the potential to control the energy level of the VB top 

and the location of the CT band. In Figure 3.6b, only the YSiO2N:Eu3+ sample had the quite 

strong PLE intensity assigned to the 5D2 ← 7F0 transition for the 5L6 ← 7F0 transition; that is, the 
5D2 ← 7F0 transition probability was very large. This large transition probability derives from the 

local environment of Eu3+. In general, for many Eu3+-doped compounds, the 5L6 ← 7F0 transition 

shows the strongest intensity among all Eu3+ 4f-4f transitions because the 5L6 ← 7F0 transition 
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have the |〈‖𝑈𝑈2,4,6‖〉|2  values of 0, 0.0011, and 0.0150, respectively, and these values are on 

average greater than those for other 4f-4f transitions [13]. On the other hand, the 5D2 ← 7F0 

transition has only one non-zero RME, |〈‖𝑈𝑈2‖〉|2 of 0.0008, which is called the hypersensitive 

transition [13]. The line strength of this transition is very sensitive to the local environment of 

Eu3+ sites, which is related to the Ω2 parameter. In particular, if the symmetry of Eu3+ sites is 

quite low, the hypersensitive transition probability gets drastically increasing, because the Ω2 

parameter increases and Ω2  |〈(𝑆𝑆′, 𝛼𝛼′)𝐽𝐽′‖𝑈𝑈2‖(𝑆𝑆, 𝛼𝛼)𝐽𝐽〉|2  becomes larger. The 5D2 ← 7F0 

transition intensity of the YSiO2N:Eu3+ sample was very high for the 5L6 ← 7F0 transition, and this 

trend was not observed in the prepared Eu3+-doped oxides. Hence, in the YSiO2N host, Eu3+ 

occupy the Y3+ sites whose site symmetry is lower due to the existence of the N3− ions in the local 

environment around the Eu3+ ions.  

In the PL spectra, it is also possible to discuss the asymmetry of the Eu3+ ligand fields. The 

YSiO2N:Eu3+ sample and the α-CaSiO3:Eu3+ sample had a similar pattern of PL spectrum: the 

intensity of the 5D0 → 7F2 ED transition is much stronger than that of the 5D0 → 7F1 MD transition, 

which is not sensitive towards the Eu3+ local environment and similar in any host material. The 
5D0 → 7F2 transition is also assigned to the hypersensitive transition due to the non-zero RME, 

|〈‖𝑈𝑈2‖〉|2 of 0.0032 [36]. The ratio (5D0 → 7F2)/(5D0 → 7F1) of the YSiO2N sample is the largest 

among samples of α-CaSiO3:Eu3+, α-, y-Y2Si2O7:Eu3+ and YSiO2N:Eu3+. The luminescent 

properties of YSiO2N:Eu3+ also support that the asymmetry by the mixed-anion coordination 

around the Eu3+ ions increases the hypersensitive transition probability. 

In the YSiO2N:Eu3+ PL spectrum, five components of 5D0 → 7F1 bands were observed. The 

maximum number of luminescence bands for 5D0 → 7F1 transition should be three (= 2J + 1) 

because of the Stark splitting for the 7F1 level. A great number of emission peaks is probably 

because the Eu3+ ions substitute three different Y3+ sites (Figure 3.2c), the local environments of 

which are slightly different. 
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3.4.3. Judd-Ofelt Analysis of Eu3+ Luminescence in YSiO2N 

For quantitative discussion on the Eu3+ 4f-4f transition probability, the PL spectra of samples 

were analyzed based on the Judd-Ofelt theory. The results of calculation, the Judd-Ofelt intensity 

parameters (Ω2 and Ω4), the spontaneous emission rates of the 5D0 → 7FJ transition (AR(7FJ)), and 

the radiative lifetimes (τR), are shown in Table 3.2, and for comparison, the calculated Ω2 and 

Ω4 parameters of each sample are also shown in Figure 3.10a. It is well known the Ω2 parameter 

has a correlation with the asymmetry of the crystal sites occupied by lanthanides [21,22]. The 

Ω2 value of the YSiO2N:Eu3+ sample is about twice as large as that of other oxide samples. The 

YSiO2N:Eu3+ sample and α-CaSiO3:Eu3+ sample, which are isostructural (pseudowollastonite 

structure), have the larger Ω2 and the smaller Ω4. Thus, the cation sites themselves for the Eu3+ 

ions in the pseudowollastonite structure have low symmetry. In addition to this original 

structural asymmetry, the YSiO2N:Eu3+ sample should have much lower symmetry of the Eu3+ 

ions because of partial substitution of ligand anions from O2− to N3−. Compared with other 

Figure 3.10. (a) Judd-Ofelt intensity parameters, Ω2 and Ω4, of Eu3+ ions, and (b) branching ratio of 5D0 → 7FJ 
transition (J=1, 2, 4) for Eu3+ ions in oxynitride and oxide samples. 
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oxides, the Ω2 parameter of the YSiO2N:Eu3+ sample is much larger due to the mixed-anion 

coordination. As the hypersensitive transition probability depends on Ω2, in YSiO2N:Eu3+ 

spectral intensity of the 5D2 ← 7F0 transition in PLE spectrum and the 5D0 → 7F2 transition in PL 

spectrum are quite strong because of the large Ω2. At the same time, the calculated spontaneous 

emission rate of the 5D0 → 7F2 transition in YSiO2N:Eu3+, 5.31 × 102 s−1, is considerably larger 

than that in other oxide samples. That is, this parity forbidden 4f-4f transition gets more allowed 

by the mixed-anion coordination. On the other hand, the Ω4 parameter is said to have less 

sensitivity to the ligand field and some correlation with the bond ionicity [21,22]. However, there 

is no apparent evidence of the relationship between the Ω4 parameter and the crystal structure 

or chemical composition. In this case, α-Y2Si2O7:Eu3+ has a quite large Ω4 parameter while the 

Ω4 for y-Y2Si2O7:Eu3+ is small. From these data only, it is difficult to find out some chemical trend 

for the Ω4 intensity parameter. Therefore, it is necessary to closely investigate the Ω4 parameter 

variation in a number of materials, including mixed-anion compounds. 

     In the Judd-Ofelt analysis, the radiative lifetime (τR) is calculated from the total value of 

the spontaneous emission rates of the 5D0 → 7FJ transition, AR(7FJ), by using eq. 3.4. For the 

YSiO2N:Eu3+ sample, the calculated τR was 1.32 ms, which was much shorter than the other three 

oxide samples because this sample has the large Ω2 parameter and the large 5D0 → 7F2 transition 

probability owing to the specific Eu3+ sites originating from the mixed-anion coordination of 

O2− and N3−. However, from the temperature dependence of the fluorescence lifetime, the 

estimated τ0 was 0.664 ms, and this value is shorter than the calculated τR. The reason for this is 

that, in the Judd-Ofelt theory, all nonradiative processes are not considered. In general, the ratio 

of τ0 to τR (i.e., τ0/τR) should correspond to the internal quantum efficiency (IQE). In the 

YSiO2N:Eu3+ sample, this calculated IQE based on the Judd-Ofelt analysis was 50.3%. The 

experimentally obtained QY by CT excitation was 32.3%. In the Judd-Ofelt analysis, the ratio 

between the radiative and nonradiative rate from the 5D0 level can be considered, while in the 

QY measurement by CT excitation, all the radiative and nonradiative processes from the CT 

excitation to the ground state are also taken into account. In addition, the concentration 

quenching can occur because of a slightly high concentration, 1% Eu3+.  



Chapter 3. Intense Hypersensitive Luminescence of Eu3+-Doped Oxynitride with Near-UV Excitation 

88 

     In Table 3.3 and Figure 3.10b, the calculated branching ratios of the 5D0 → 7FJ (J = 1, 2, 4) 

emission transition in oxynitride and oxide samples are shown. Both pseudowollastonite 

samples, YSiO2N:Eu3+ and α-CaSiO3:Eu3+, have a high branching ratio of 7F2 because of the low 

symmetry of the impurity sites. This tendency is almost the same as Ω2. 

In conclusion of this analysis, the Eu3+-doped oxynitride sample, YSiO2N:Eu3+, shows intense 

red luminescence assigned to the 5D0 → 7F2 hypersensitive transition due to the characteristic 

Eu3+ sites with lower symmetry derived from the mixed-anion coordination as we expected. It 

is suggested that partial substitution from O2− to N3− in ligands around the Eu3+ ions is a good 

strategy to enhance the Eu3+ red luminescence. 

Table 3.2. Calculated Judd-Ofelt intensity parameters, Ω2 and Ω4, spontaneous emission rates of the 5D0 → 7FJ 
transition, AR (7FJ), and radiative lifetime, τR, for Eu3+ ions in oxynitride and oxide hostsa 

YSiO2N α-CaSiO3 α-Y2Si2O7 y-Y2Si2O7

Ω2 (10−20 cm2) 7.58 3.95 3.95 1.72 

Ω4 (10−20 cm2) 3.41 2.79 7.22 2.58 

AR(7F1) (102 s−1) 1.06 0.623 0.784 0.788 

AR(7F2) (102 s−1) 5.31 1.40 1.98 0.871 

AR(7F4) (102 s−1) 1.19 0.521 1.78 0.629 

τR (ms) 1.32 3.92 2.20 4.37 

a Reported values of refractive indices (n (YSiO2N)=1.94 [27], n (Y2Si2O7)=1.76 [28], and n (CaSiO3)=1.62 [29]) 
were used for calculation. 

Table 3.3. Calculated branching ratios (%) of the 5D0 → 7FJ (J = 1, 2, 4) emission transition in oxynitride and oxide 
hosts 

YSiO2N α-CaSiO3 α-Y2Si2O7 y-Y2Si2O7

5D0 → 

7F1 14.0 24.4 17.3 34.4 

7F2 70.2 55.1 43.5 38.1 

7F4 15.8 20.5 39.2 27.5 
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3.5. Conclusions 

The Eu3+-doped YSiO2N oxynitride was fabricated by the solid-state reaction method, and its 

luminescent properties were investigated. It was shown that the Eu3+ luminescence could be 

obtained by using lower excitation energy. The XRD patterns showed the prepared sample had 

the single-phase of YSiO2N belonging to the P6122 space group, which has three Y3+ sites with 

eight-fold coordination. Whether the sample contained nitrogen in its composition was 

confirmed by TG-DTA. The YSiO2N:Eu3+ sample was excited efficiently by near-UV light (280–

360 nm) and showed very intense red luminescence assigned to the Eu3+ 4f-4f transitions. 

Compared with prepared Eu3+-doped oxide samples (α-CaSiO3:Eu3+, α-Y2Si2O7:Eu3+, and y-

Y2Si2O7:Eu3+), in YSiO2N:Eu3+, there were two major different luminescent features: the CT 

excitation band got redshifted by more than 9500 cm−1 because the energy of the VB top got 

increased due to the N 2p orbitals; the spectral intensity of the 5D0 → 7F2 transition (the 

hypersensitive transition, at 626 nm) got stronger because the Eu3+ occupied asymmetric Y3+ 

sites due to partial substitution of O2− by N3−. From the Judd-Ofelt analysis, the YSiO2N:Eu3+ 

sample had the much larger Judd-Ofelt intensity parameter, Ω2, which depends on the site 

asymmetry, than other oxide samples. As expected, the transition probability of the 

hypersensitive transition was enhanced by constructing the mixed-anion ligand fields. The 

fluorescence lifetime at 0 K (τ0) was estimated experimentally to be 0.664 ms, which was shorter 

than the radiative lifetime (τR) based on the Judd-Ofelt analysis, 1.32 ms. Although the ratio 

between these two values should be the same as the IQE, the experimental QY (32.3 %) was 

lower than the calculated IQE (50.3%). For the development of red phosphors activated by Eu3+ 

for w-LEDs applications, Eu3+-doped mixed-anion compounds have a significant potential to 

improve the main parameters of white LEDs (CRI and CCT). 
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Chapter 4  
Site-Selective Eu3+ Luminescence in the 

Monoclinic Phase of YSiO2N 

Abstract 
Eu3+-doped YSiO2N phosphor was synthesized, and its crystal structure was analyzed by the single-

crystal X-ray and neutron powder diffraction techniques. The new crystal structure of YSiO2N with the 

monoclinic lattice (space group C2/c) composed of nonequivalent [YO6N2] dodecahedra was identified, 

and, in this structure, five different Y3+ sites take Ci or Cn symmetry. Based on the experimentally 

determined crystal structure, we characterized the luminescence properties of the Eu3+ ions with the site-

selective and time-resolved spectroscopy. The Eu3+ ions at the Y: Cn sites show intense 5D0 → 7F2 electric 

dipole luminescence peaking at 626 nm with a short lifetime (0.61 ms) due to the lack of inversion center. 

In the centrosymmetric Ci sites, the lifetime of the 5D0 level was quite long (5.51 ms), and the strongest 

three peaks are assigned to the 5D0 → 7F1 magnetic dipole transition instead of 5D0 → 7F2. The anomalous 

temperature dependence of the long lifetime for the Eu3+: 5D0 at this Ci site at low temperatures suggests 

that the slow radiative rate can be influenced by the thermal distortion of centrosymmetry. The thermal 

quenching mechanism of the Eu3+: 5D0 luminescence at both sites is considered to be due to the charge 

transfer states related to the N3− ions in the [Eu3+O6N2] dodecahedra rather than the multiphonon 

relaxation mechanism. This study shows the potentials of Eu3+ luminescence in oxynitride coordination 

and provides new insights into the material design guidelines for near-UV excitable red phosphor 

activated with Eu3+ ions.  
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4.1. Introduction 

Light-emitting diodes (LEDs) are ubiquitous in daily life, being seen as ceiling lights, displays 

for smartphones and laptops, traffic lights, and even UV emitters to inactivate coronavirus [1]. 

For solid-state lighting, LEDs are used in combination with phosphors, named “phosphor-

converted LEDs (pc-LEDs).” Although the most popular pc-LED achieves bright cool-white 

emission owing to the combination of an InGaN blue LED chip and a yellow phosphor 

Y3Al5O12:Ce3+ (YAG:Ce) [2], it lacks red-emitting components, which is undesirable for lighting 

application. In order to compensate for the lack of red light components, a variety of red 

phosphors have been developed with divalent europium (Eu2+) ions. In (oxy)nitride hosts, Eu2+ 

ions show intense orange-red luminescence due to 5d-4f parity allowed transition, leading to 

some commercialized red phosphors such as CaAlSiN3:Eu2+ (CASN) [3], (Sr,Ca)AlSiN3:Eu2+ 

(SCASN) [4], and Sr2Si5N8:Eu2+ [5]. However, their luminescence bands extend over 650 nm, 

where the sensitivity of human eyes is low [6]. In terms of luminous efficacy (unit: lm W−1), red 

luminescence with broad bands is not optimal. Recently, some Eu2+-doped narrow-band red 

emission phosphors with a ~1200 cm−1 bandwidth have been developed, such as 

Sr[LiAl3N4]:Eu2+ (SLA) [7] or Sr[Mg3SiN4]:Eu2+ (SMS) [8], to overcome this drawback. Although 

they are highly efficient red-emitting phosphors for pc-LED application, the possible candidates 

in Eu2+-doped narrow-band phosphors are restricted from the structural and compositional 

points of view [9]. In contrast, trivalent europium (Eu3+) ions can be more efficient than those 

Eu2+-doped phosphors because of the narrow luminescence bands due to 5D0 → 7F2 transition, 

located in highly sensitive regions for human eyes (610–630 nm). Despite the desired spectrum 

in the red region, many oxide phosphors activated with Eu3+ ions cannot show strong 

luminescence without deep-UV excitation (usually λex = 250–280 nm). The efficient excitation 

band for Eu3+-doped oxides is attributed to the charge transfer (CT) transition from O2− to Eu3+ 

ions. The energy of CT states depends on the electronegativity of ligands [10,11]; accordingly, 

the CT energy is typically shifted to lower energies in order of fluorides, oxides, and nitrides.  

For the purpose of extending the CT excitation toward longer wavelengths, we fabricated 

the Eu3+-doped oxynitride sample, YSiO2N:Eu3+, and reported its luminescence properties [12]. 
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Compared with other Eu3+-doped oxides (α-CaSiO3:Eu3+, α-Y2Si2O7:Eu3+, and y-Y2Si2O7:Eu3+), 

the YSiO2N:Eu3+ showed the CT excitation bands redshifted over 9500 cm−1 and the 2.7–6.0 

times stronger 5D0 → 7F2 luminescence (at 626 nm) due to partial N3− coordination. Nevertheless, 

there are still two unclear points in the luminescence properties of the YSiO2N:Eu3+. One is the 

presence of five luminescence peaks assigned to the 5D0 → 7F1 transition. The number of 5D0 → 
7F1 luminescence bands for Eu3+ ions in a single site is three or less because the maximum 

number of the Stark sublevels of the terminal state (7F1) is three. Although the five peaks indicate 

that Eu3+ ions are incorporated in more than one kind of Y3+ site with different coordination 

environments, and it is not obvious which luminescence bands correspond to which local 

environments. The other ambiguous point is the assignment of the split CT excitation bands. 

Previously, we concluded the assignment of the broad excitation bands to be the CT transition 

from N3− and O2− to Eu3+ [12]. Considering that the Eu3+ luminescence depends on the 

occupying sites, we have to take another possibility into account; the CT transition from only 

N3− in crystallographically different sites. By clarifying the Eu3+ luminescent properties in the 

different local environments with the [Eu3+O6N2] oxynitride polyhedron, we can obtain new 

insight into the material design guidelines for Eu3+-activated luminescent materials.  

In this study, we first investigate the crystal structure of YSiO2N. Since the composition 

and possible crystal structure of YSiO2N were first reported more than 40 years ago [13,14], the 

precise crystal structure was not completely clear. One can find four candidates for the crystal 

structure of YSiO2N on the Inorganic Crystal Structure Database (ICSD) [15]: the monoclinic 

Pm [14], orthorhombic Cmcm [16], hexagonal P6122 [17], and tetragonal P4/mmm [18]. The 

monoclinic Pm structure is the first identified phase by Morgan et al., which has a hexagonal 

subcell in a lattice. All the Y3+ sites take C1 symmetry. The orthorhombic Cmcm structure is 

isostructure to YBO3, but there is no detailed description of YSiO2N in the literature. By using a 

computational technique, Ouyang et al. found that the possible structure with the highest 

symmetry of YSiO2N was the hexagonal phase with the space group of P6122, where all the Y3+ 

sites take C2 symmetry. The tetragonal P4/mmm lattice is the theoretically predicted perovskite-

type structure by machine learning. However, the identification of these crystal structures is not 
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well-founded because all the literature sources were not based on fully accurate data from 

experimental diffraction results of a pure YSiO2N sample. In addition, the X-ray diffraction 

patterns of YSiO2N samples in the previous reports [12,19] show the mismatch with the 

reference patterns based on assumed structures, as shown in Figure 4.1. Thus, the precise 

structural analysis of YSiO2N is inevitable to discuss the characteristic Eu3+ luminescence in 

oxynitride coordination. Here, we finally identify the precise crystal structure of YSiO2N with 

the single-crystal X-ray and neutron diffraction techniques, which is the monoclinic C2/c. Based 

on this monoclinic structure, we investigate the luminescence properties of the YSiO2N:Eu3+ 

sample with the perspective of the site-selective and time-resolved spectroscopy. The detailed 

characterization of Eu3+ 4f-4f luminescence reveals how the site symmetry plays a crucial role in 

enhancing Eu3+ red luminescence. 

Figure 4.1. (a) Experimental and simulated XRD patterns of YSiO2N. The simulation was performed by the VESTA 
program, based on the CIF in the ICSD. The tick marks represent the Bragg peak positions for each structure. (b) 
Enlarged patterns of Figure 4.1a in the 2θ range of 6–34°. 
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4.2. Experimental Section 

4.2.1. Synthesis 

A series of oxynitride ceramic samples, whose compositions are YSiO2N, Y0.999Eu3+
0.001SiO2N, 

Y0.995Eu3+
0.005SiO2N, and Y0.99Eu3+

0.01SiO2N, was prepared by the solid-state reaction method. 

Starting chemicals, Y2O3 (99.99%, Kojundo Chemical Laboratory), SiO2 (99.9%, Kojundo 

Chemical Laboratory), Si3N4 (99.9%, Kojundo Chemical Laboratory), and Eu2O3 (99.99%, 

Furuuchi Chemical), were weighed in the glove box filled with high-purity Ar gas. Powders of 

starting chemicals were mixed with a ball milling system (Premium Line P-7, Fritsch) with 

ethanol (> 99.5%). The obtained slurry was dried at 120 °C for 24 h. The mixture was pelletized 

with dry pressing and sintered at 1600 °C under N2 gas flow for 24 h. Because Eu3+ ions in the 

as-made samples were partially reduced into Eu2+ states, the Eu3+-doped as-made samples were 

annealed at 700 °C under N2 gas flow for 24 h to oxidize reduced europium ions, according to 

the Ellingham diagram [12,20]. 

4.2.2. Materials Characterization. 

The prepared YSiO2N:Eu3+ samples were pulverized into powder form for crystal structure 

analysis. Some small particles were picked up under microscope observation and mounted at 

the top of a glass capillary with glue. The single-crystal X-ray diffraction (SC-XRD) data of a 

single particle were collected using a diffractometer (SMART APEX II Ultra, Bruker-AXS) with 

Mo Kα radiation (λ = 0.71073 Å) and multilayer focusing mirrors as a monochromator operated 

at 50 kV and 50 mA. The absorption corrections were applied using the multiscan procedure 

SADABS [21]. The crystal structure was solved and refined by SHELX-97 [22].  

The time-of-flight neutron powder diffraction (TOF-NPD) data of the non-doped 

YSiO2N sample at 24 °C were obtained at beamline BL20 (iMATERIA) in Japan Proton 

Accelerator Research Complex (J-PARC). Cylindrical absorption corrections were applied to 

the TOF-NPD data using the inner density (2.021 g cm−3). The Rietveld refinement was 

simultaneously carried out with the software Z-Rietveld [23] using the TOF-NPD data taken by 

the backscattering bank (BS; time focusing point at 2θ = 172°) and 90° bank (time focusing point 
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at 2θ = 90°). 

The X-ray powder diffraction (XRPD) pattern of the sample was measured with an X-ray 

diffractometer using Cu Kα radiation (Ultima IV, Rigaku). The measured sample was mixed 

with 50 wt% Standard Reference Material of silicon powder (640d, NIST). The Rietveld 

refinement of the obtained XRPD pattern was performed using the RIETAN-FP program [24]. 

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were obtained 

by monochromatic excitation light with a 500 W Xe short arc lamp (OPM2-502XQ, Ushio Inc.) 

equipped with a double monochromator system by two monochromators (SP-300i, Acton 

Research Corp.), detected by using a photomultiplier tube (PMT) detector (R10699, 

Hamamatsu Photonics) coupled with a monochromator (SP-2300i, Princeton Instruments). The 

obtained PL and PLE spectra were calibrated by the spectrum of a deuterium-tungsten halogen 

light source (DH-2000, Ocean Optics) and the spectrum of the Xe lamp (light source) detected 

by a calibrated Si photodiode (S1337-1010BQ, Bunkoukeiki Co., Ltd.), respectively. The sample 

temperature was controlled by a cryostat with a closed-cycle He gas cryogenic refrigerator (CRT-

A020-SE00, Ulvac Cryogenics) or a liquid nitrogen cryostat (VPF-800, Janis) in different 

temperature ranges of 4–300 K and 300–450 K.  

Luminescence decay measurements at various temperatures (T = 20–700 K) were 

performed with a setup consisting of a nitrogen laser (KEC-200, USHO Optical Systems), a 

silicon photodiode (DET10, Thorlabs Inc.), an oscilloscope (HDO4104, Teledyne-LeCroy), a 

monochromator (G-250, Nikon), and a PMT detector (R1104, Hamamatsu Photonics). The 

sample temperature was controlled by a closed-cycle He cryostat (Mini Stat CRT-006-2600, 

Iwatani) at 20 K or a liquid nitrogen cryostat (Helitran LT3, Advanced Research Systems) at 

100–700 K.  

4.2.3. Ab initio Calculations. 

The ab initio calculations with the density functional theory (DFT) were performed by the 

CASTEP module [25] of the Materials Studio 2020 package. The exchange-correlation 

functional was represented by the generalized gradient approximation (GGA) of Perdew-Burke-

Ernzerhof functional for solids (PBEsol) [26]. The ionic core electrons were replaced by on-the-
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fly ultrasoft pseudopotentials implemented in the CASTEP: [Ar] 4s24p65s24d1 for Y, [Ne] 3s23p2 

for Si, [He] 2s22p4 for O, and [He] 2s22p3 for N [27]. Relativistic effects were taken into account 

at the level of the Koelling-Harmon approximation of the Dirac equation [28]. The plane-wave 

basis cut-off energy and k-point grids were 630 eV and 2 × 1 × 1, respectively. The convergence 

criteria were set as follows: total energy tolerance 5.0 × 10−6 eV atom−1, maximum force tolerance 

0.01 eV Å−1, maximum stress component 0.02 GPa, and maximum displacement 5.0 × 10−4 Å. 

The ab initio electronic structure analysis to monoclinic YSiO2N was applied, where the site 

occupancies for all elements were fixed at unity, supposing that the nitride and oxide ions are 

bridging and non-bridging in the [Si3O6N3] units, respectively. 

4.3. Results and Discussion 

4.3.1. Crystal Structure Analysis of Monoclinic YSiO2N 

For the oxynitride YSiO2N sample, it was challenging to prepare a single-crystal particle for 

two reasons; the desorption of nitrogen through long-time sintering and the limitation of the 

appropriate flux for growth [29]. In this work, we successfully obtained a tiny single-crystal 

particle (9 µm × 11 µm × 12 µm) only in the Y0.99SiO2N:Eu3+
0.01 sample (Figure. 4.2). The SC-

XRD of the Y0.99SiO2N:Eu3+
0.01 sample was investigated to determine lattice constants 

experimentally. The results of the SC-XRD analysis show that the YSiO2N crystal has a 

Figure 4.2. Photograph of a selected single-crystal particle of the Y0.99SiO2N:Eu3+
0.01 sample. 
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monoclinic unit cell of a = 6.9973(10) Å, b = 12.1470(17) Å, c = 18.255(3) Å, and β = 90.735(3)° 

with the space group C2/c. The crystallographical data and structural parameters of the single 

crystal sample are given in Tables 4.1 and 4.2, respectively. The anisotropic displacement 

parameters Uij are listed in the Supporting Information (Table 4.3). The obtained crystal 

structure is depicted in Figure 4.3a. The reason why it has been misunderstood as an 

orthorhombic or hexagonal lattice is due to the fact that β in the monoclinic lattice is close to 

90°. As mentioned by Morgan [14], monoclinic YSiO2N is isostructural to the mineral 

pseudowollastonite (α-CaSiO3), which is a high-temperature phase of CaSiO3 (a = 6.8394 Å, b 

= 11.8704 Å, c = 19.63129 Å, and β = 90.667°, space group C2/c) [30]. Ca2+ of α-CaSiO3 is 

replaced by Y3+ with one-third O2− replaced by N3− to satisfy charge neutrality. In the structure 

Figure 4.3. (a) Crystal structure of monoclinic YSiO2N viewed along the a-axis depicted with [YO6N2] dodecahedra 
and [SiO2N2] tetrahedra. The occupancy of anions sites, represented with mixed-colored spheres, reflects the results 
of the Rietveld refinement for the TOF-NPD data. The black line represents a unit cell. (b) A single layer composed 
of [Si3O6N3] ring units, viewed along the c-axis. (c) Local structures around Eu3+ ions in different kinds of layers. 
Layer-1 composes Y3+ sites with Ci and C1 symmetry, and layer-2 composes Y3+ sites with only C2 symmetry. These 
Y3+ sites are characterized by the b-axis. The crystal structures are drawn with the VESTA program [31]. 
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of monoclinic YSiO2N, a [SiO2N2] tetrahedron shares two N atoms with two other tetrahedra, 

forming a ring unit [Si3O6N3] with three members (Figure 4.3b). Only N is the bridging atom, 

whereas all O atoms are non-bridging.  

Y3+ ions, for which lanthanoid ions can substitute, are located in the interlayer composed 

of [Si3O6N3] units, leading to the two different Y3+-layers (layer-1 and layer-2, shown in Figure 

4.3a). The SC-XRD analysis reveals five crystallographically nonequivalent coordination 

environments for Y3+ ions. As depicted in Figure 4.3c, all the five Y3+ sites form an eight-fold 

dodecahedron [YO6N2], whose symmetry differs depending on the N–Y–N bond angle. The Y3+ 

ions located at the Wyckoff 4e sites have one two-fold rotation axis (C2 symmetry), and those at 

the 8f sites have only identity operation (C1 symmetry). Unlike these Cn (n = 1, 2) symmetry, the 

Y3+ ions at the Wyckoff 4a sites have an inversion center (Ci symmetry). All Y3+ sites in 

monoclinic YSiO2N can be divided into two groups in terms of centrosymmetry, Cn and Ci sites. 
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Table 4.1. Crystallographic data and refinement detail of YSiO2N with SC-XRD 

formula mass (g mol−1) 163.01 

crystal system Monoclinic 

space group C 2/c (No. 15) 

cell parameters (Å) a = 6.9973(10), b = 12.1470(17), c = 18.255(3), β = 90.735(3)° 

volume (Å3) 1551.5(6) 

Z 24 

crystal size (mm3) 0.009 × 0.011 × 0.012 

temperature (K) 296 

crystal form block 

diffractometer Bruker APEXII CCD area detector 

radiation type Mo Kα (λ = 0.71073 Å) 

scan mode ω scan 

absorption correction multiscan (SADABS) 

µ (mm−1) 22.731 

2θmax (°) 45.28 

measured reflection 13829 

independent reflections 2358 

observed reflections 

[I > 2σ(I)] 
1303 

R[F2 > 2σ(F2)] 0.031 

wR(F2) 0.068 

S 0.86 

∆ρmax, ∆ρmin (e Å−3) 1.01, −0.79 
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Table 4.2. Atomic coordinates and isotropic atomic displacement parameters for YSiO2N, refined with SC-XRD 
data 

site Wyckoff x y z Ueq (Å) 

Y1 4e 1 0.99246(5) 0.25 0.00730(16) 

Y2 8f 0.98401(6) 0.33505(5) 0.49930(2) 0.00750(11) 

Y3 4e 1 0.34365(6) 0.25 0.00804(15) 

Y4 4e 0 0.67498(7) 0.25 0.01002(15) 

Y5 4a 1 1 0.5 0.01076(17) 

Si1 8f 0.7937(2) 0.79073(10) 0.37835(8) 0.0075(3) 

Si2 8f 0.41849(17) 0.67110(12) 0.37145(7) 0.0078(2) 

Si3 8f 0.78628(19) 0.54394(10) 0.37512(8) 0.0082(3) 

O1 8f 0.3065(4) 0.6747(3) 0.29203(17) 0.0109(7) 

O2 8f 0.8578(5) 0.8480(3) 0.30125(18) 0.0130(8) 

O3 8f 0.8398(5) 0.4861(3) 0.29688(19) 0.0113(8) 

O4 8f 0.8370(5) 0.4838(3) 0.45341(19) 0.0127(8) 

O5 8f 0.8521(5) 0.8453(3) 0.45793(17) 0.0115(7) 

O6 8f 0.3026(4) 0.6732(3) 0.44873(17) 0.0135(7) 

N7 8f 0.5529(5) 0.7885(3) 0.3744(2) 0.0071(9) 

N8 8f 0.9037(5) 0.6651(3) 0.37689(19) 0.0074(7) 

N9 8f 0.5429(5) 0.5512(3) 0.3733(2) 0.0059(9) 
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Table 4.3. Anisotropic atomic displacement parameters Uij (Å2) of the non-doped YSiO2N sample obtained with 
the SC-XRD analysis 

U11 U22 U33 U12 U13 U23 

Y1 0.0088(4) 0.0066(4) 0.0065(4) 0 −0.0004(3) 0 

Y2 0.0072(2) 0.0088(2) 0.0064(2) 0.0018(2) −0.00028(17) 0.0004(2)

Y3 0.0114(3) 0.0062(3) 0.0065(3) 0 0.0006(2) 0 

Y4 0.0051(3) 0.0180(4) 0.0070(3) 0 −0.0010(2) 0 

Y5 0.0157(4) 0.0101(4) 0.0065(4) −0.0074(3) 0.0009(3) −0.0012(2)

Si1 0.0085(7) 0.0069(6) 0.0070(7) −0.0012(5) −0.0006(6) −0.0003(5)

Si2 0.0070(6) 0.0083(6) 0.0081(6) 0.0003(6) 0.0004(5) −0.0008(6)

Si3 0.0094(7) 0.0073(7) 0.0078(7) 0.0007(5) −0.0002(6) −0.0002(5)

O/N1 0.0083(15) 0.0173(18) 0.0071(17) 0.0009(16) −0.0002(12) −0.0003(16)

O/N2 0.0188(19) 0.0102(19) 0.0100(18) −0.0036(14) 0.0028(14) 0.0033(14)

O/N3 0.0155(19) 0.0095(18) 0.0090(19) 0.0046(14) 0.0025(15) −0.0002(14)

O/N4 0.019(2) 0.0130(18) 0.006(2) 0.0043(15) 0.0022(15) 0.0034(14) 

O/N5 0.0185(18) 0.0098(18) 0.0062(17) −0.0031(14) −0.0008(13) −0.0005(14)

O/N6 0.0088(15) 0.0228(19) 0.0089(18) 0.0002(16) 0.0042(13) −0.0019(17)

O/N7 0.010(2) 0.0060(19) 0.005(2) 0.0015(15) 0.0000(17) 0.0016(15) 

O/N8 0.0081(17) 0.0064(17) 0.0076(19) −0.0013(17) −0.0007(14) −0.0012(18)

O/N9 0.007(2) 0.006(2) 0.005(2) 0.0008(14) −0.0020(17) 0.0003(15)
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The XRD measurements are insufficient for the structural analysis of some mixed-anion 

compounds [32]. It is difficult for oxynitrides to distinguish N from O with XRD because the 

atomic scattering factors are similar. NPD is a powerful tool when it comes to the determination 

of the atomic positions of neighboring elements in the periodic table [33,34]. Neutron coherent 

scattering lengths of O (5.803(4) fm) and N (9.36(2) fm) [32] are different enough to distinguish 

their atomic positions.  

The Rietveld refinement of the TOF-NPD data for the non-doped sample with the 

monoclinic structure of YSiO2N was performed to determine the O/N occupancies of anion 

sites. Here, the crystal parameters of the Y0.99SiO2N:Eu3+
0.01 sample obtained by the SC-XRD 

analysis, including the atomic displacement parameters, were applied as a set of initial 

parameters. Through the entire analysis, we fixed the site occupancies for Y3+, Si4+, and anions 

at unity and simultaneously refined the anisotropic atomic displacement parameters. In order 

to improve the overall fitting of diffraction patterns, we applied the partial profile relaxation to 

some diffraction peaks. The diffraction patterns and the final results of refinement with the 

different detector banks (BS and 90° banks) are shown in Figure 4.4. The observed and refined 

patterns show an excellent overall fit with small reliability factors (BS bank: Rwp = 7.65%, 90° 

bank: Rwp = 5.96%). The refined lattice constants with the TOF-NPD data (a = 7.007984(12) Å, 

b = 12.15329(2) Å, c = 18.24736(3) Å, and β = 90.70583(17)°) are slightly larger than those 

obtained with the SC-XRD analysis. For comparison, the refined PXRD pattern and the 

obtained parameters with different diffraction techniques are listed in Figure 4.5 and Table 4.4, 

respectively. This difference is caused by the averaged parameters in the polycrystalline phase. 

The refined occupancy of each site and bond valence sums (BVS) are listed in Table 4.5. Other 

refined parameters, including atomic coordinates in a unit cell, isotropic atomic displacement 

parameters Ueq, and anisotropic displacement parameters Uij are listed in the Supporting 

Information (Tables 4.6 and 4.7). The refined occupancies of anion sites indicate that while the 

anion defects (ON
 ∙ , NO

 ′ ) are generated through the sintering process, oxygen and nitrogen atoms 

are mainly ordered in the lattice of monoclinic YSiO2N. The total amounts of the anion 

occupancies for O and N are found to be 2.062 and 0.938, respectively, almost corresponding to 
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the anion stoichiometry for YSiO2N. The BVS of each atom was calculated with the refined bond 

lengths and site occupancies. The BVSs of Y, Si, O, and N are in good agreement with their formal 

charges. Thus, the occupancies of anion sites in the refined monoclinic YSiO2N structure are 

valid. 

Figure 4.4. TOF-NPD patterns taken by (a) the backscattering (BS) and (b) the 90° bank of the monoclinic YSiO2N 
sample at 24 °C. The observed and calculated intensities and difference plot are shown by red + marks, cyan solid 
line, and blue solid line, respectively. Green tick marks indicate calculated Bragg peak positions. Reliability factors: 
Rwp = 7.65%, Rp = 6.18%, Re = 1.70%, RB = 4.02%, and RF = 3.18% for the data taken by the BS bank; Rwp = 5.96%, 
Rp = 4.96%, Re = 1.11%, RB = 3.29%, and RF = 2.64% for the data taken by the 90° bank. 
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Table 4.4. Comparison of the lattice constants obtained with the SC-XRD analysis, the TOF-NPD analysis, the 
XRPD analysis, and the DFT calculationa 

a (Å) b (Å) c (Å) β (°) 

TOF-NPD 7.007984(12) 12.15329(2) 18.24736(3) 90.70583(17) 

SC-XRD 
6.9973(10) 

[−0.152%] 

12.1470(17) 

[−0.052%] 

18.255(3) 

[−0.044%] 

90.735(3) 

[+0.032%] 

XRPD 
7.0144(5) 

[+0.092%] 

12.1634(8) 

[+0.083%] 

18.243(1) 

[−0.024%] 

90.673(3) 

[−0.036%] 

DFT 
6.9974 

[−0.151%] 

12.1435 

[−0.081%] 

18.1664 

[−0.444%] 

90.8721 

[+0.183%] 

a The values in brackets are the difference from the parameter in the TOF-NPD analysis. 

Figure 4.5. XRPD pattern of the YSiO2N sample with 50 wt% Si reference (640d, NIST) and the refined plot through 
the Rietveld method. Reliability factors: Rwp = 8.23%, Rp = 6.48%, and Re = 4.33%. 
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Table 4.5. Site occupancies and bond valence sums of YSiO2N, as refined with TOF-NPD data 

site Wyckoff occupancy BVS 
Y1 4e 1.000 2.89 
Y2 8f 1.000 2.71 
Y3 4e 1.000 3.13 
Y4 4e 1.000 2.85 
Y5 4a 1.000 2.78 
Si1 8f 1.000 4.36 
Si2 8f 1.000 4.00 
Si3 8f 1.000 4.36 
O1 
N1 

8f 
0.9548(17) 
0.0452(17) 

1.98 

O2 
N2 

8f 
1.000 

0 
1.91 

O3 
N3 

8f 
0.922(2) 
0.078(2) 

2.00 

O4 
N4 

8f 
0.921(2) 
0.079(2) 

1.70 

O5 
N5 

8f 
1.000 

0 
1.79 

O6 
N6 

8f 
0.9703(17) 
0.0297(17) 

1.76 

O7 
N7 

8f 
0.124(2) 
0.876(2) 

3.26 

O8 
N8 

8f 
0.135(2) 
0.865(2) 

3.46 

O9 
N9 

8f 
0.159(3) 
0.841(3) 

3.16 
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Table 4.6. Atomic coordinations and isotropic displacement parameters for YSiO2N, refined with TOF-NPD data 

site Wyckoff x y z Ueq (Å) 

Y1 4e 1 0.99509(11) 0.25 0.0073(2) 

Y2 8f 0.98455(9) 0.33390(5) 0.49957(2) 0.00747(13) 

Y3 4e 1 0.33970(11) 0.25 0.00811(16) 

Y4 4e 0 0.67341(12) 0.25 0.0100(2) 

Y5 4a 1 1 0.5 0.0108(3) 

Si1 8f 0.79066(16) 0.78585(8) 0.37693(6) 0.0075(2) 

Si2 8f 0.40941(14) 0.67177(11) 0.37007(5) 0.00785(16) 

Si3 8f 0.78777(18) 0.54231(8) 0.37372(6) 0.0082(2) 

O1 
N1 

8f 0.30793(11) 0.67206(13) 0.28996(4) 0.0109(2) 

O2 
N2 

8f 0.30793(11) 0.67206(13) 0.28996(4) 0.0130(3) 

O3 
N3 

8f 0.85261(12) 0.84507(9) 0.30079(4) 0.0114(2) 

O4 
N4 

8f 0.85261(12) 0.84507(9) 0.30079(4) 0.0127(3) 

O5 
N5 

8f 0.84511(14) 0.48262(9) 0.29703(4) 0.0115(2) 

O6 
N6 

8f 0.84511(14) 0.48262(9) 0.29703(4) 0.0135(2) 

O7 
N7 

8f 0.83961(14) 0.48730(9) 0.45159(4) 0.00702(8) 

O8 
N8 

8f 0.83961(14) 0.48730(9) 0.45159(4) 0.00737(7) 

O9 
N9 

8f 0.85003(12) 0.84595(9) 0.45552(4) 0.00600(8) 
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Table 4.7. Anisotropic atomic displacement parameters Uij (Å2) of the non-doped YSiO2N sample obtained with 
the TOF-NPD analysis 

U11 U22 U33 U12 U13 U23 

Y1 0.0089(6) 0.0066(6) 0.0065(5) 0 −0.00038(2) 0 

Y2 0.0072(3) 0.0089(4) 0.0063(3) 0.00177(11) −0.00025(1) 0.00038(2)

Y3 0.0114(7) 0.0062(4) 0.0065(3) 0 0.00063(3) 0 

Y4 0.0051(3) 0.0180(13) 0.0070(3) 0 −0.00101(4) 0 

Y5 0.0157(11) 0.0101(10) 0.0065(5) −0.0074(5) 0.00089(4) −0.00114(6)

Si1 0.0085(8) 0.0070(6) 0.0070(6) −0.00114(8) −0.00063(4) −0.00025(1)

Si2 0.0070(6) 0.0084(5) 0.0081(5) 0.00025(2) 0.00038(2) −0.00076(5)

Si3 0.0094(8) 0.0073(6) 0.0079(5) 0.00076(5) −0.00025(1) −0.00025(2)

O/N1 0.0084(5) 0.0174(9) 0.0071(4) 0.00089(5) −0.00025(1) −0.00025(2)

O/N2 0.0189(11) 0.0103(5) 0.0100(5) −0.00355(18) 0.00279(11) 0.00326(16)

O/N3 0.0156(9) 0.0095(6) 0.0090(5) 0.00456(27) 0.00253(10) −0.00025(1)

O/N4 0.0191(11) 0.0130(8) 0.0060(3) 0.00431(22) 0.00215(9) 0.00342(17) 

O/N5 0.0186(9) 0.0098(6) 0.0062(3) −0.00317(16) −0.00076(2) −0.00051(3)

O/N6 0.0089(4) 0.0228(11) 0.0089(4) 0.00025(2) 0.00418(17) −0.00190(11)

O/N7 0.0100(4) 0.0060(2) 0.0049(1) 0.00152(5) 0.00000(0) 0.00165(3) 

O/N8 0.0081(3) 0.0065(2) 0.0076(2) −0.00127(5) −0.00076(2) −0.00114(3)

O/N9 0.0070(3) 0.0060(2) 0.0049(2) 0.00076(2) −0.00203(6) 0.00025(1)
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4.3.2. Ab initio Geometry Optimization and Electronic Structure Calculations 

For almost two decades, the hexagonal P6122 has been considered to be the stable structure for 

YSiO2N with the ab initio calculation by Ouyang [17]. First, we discuss the stability of the 

monoclinic and hexagonal YSiO2N with the ab initio geometry optimizations. The obtained total 

energy of the monoclinic lattice is −480.8335 eV atom−1, which is 1.0 meV lower than that of the 

hexagonal lattice (= −480.8325 eV atom−1). The lattice constants of the optimized monoclinic 

structure show a good agreement with the experimental values (Table 4.4). As a result, the ab 

initio calculation supports that the reasonable crystal structure of YSiO2N is the monoclinic 

lattice, as well as the crystal structure analysis. In order to understand the electronic properties, 

we performed the electronic state analysis of monoclinic YSiO2N. Figure 4.6a depicts the band 

structure, showing the direct bandgap at the Γ point, Eg = 4.265 eV. Figure 4.6b shows the 

calculated total and partial density of electronic states (DOS and PDOS) for monoclinic YSiO2N. 

The PDOS indicates that N 2p orbitals have a significant contribution around the valence band 

(VB) top. We also calculated the bandgap and PDOS for the isostructural α-CaSiO3 with the 

same conditions (Figure 4.7). The bandgap, which is mainly composed of O 2p and Ca 3p 

orbitals, takes a larger value (4.708 eV), supporting that the existence of nitrogen contributes to 

the elevation of VB top in monoclinic YSiO2N.  

Figure 4.6. (a) Electronic band structure of monoclinic YSiO2N (space group C2/c). (b) Calculated total and partial 
density of electronic states for monoclinic YSiO2N, enlarged in the range from −5.0 to 7.0 eV around the Fermi 
level. The PDOS curves for O 2p, N 2p, and Y 4d orbitals are overshadowed. 
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4.3.3. Detection of Different Eu3+ Luminescence Components by Site-Selective 

and Time-Resolved Spectroscopy 

We investigate the PL and PLE spectra of the YSiO2N:Eu3+ sample with multiple Y sites. Figure 

4.8a shows the PL spectra of the YSiO2N:Eu3+ sample at 4 K via the different excitation processes; 

the CT transition (λex = 320 nm) and the 5D2 ← 7F0 electric dipole (ED) transition (λex = 466 nm). 

The schematic energy diagram of radiative and non-radiative electronic transition is depicted 

in Figure 4.8b. In both spectra, the luminescence bands are observed only below 17400 cm−1; 

i.e., no distinct luminescence attributed to the radiative transition from the 5D1 and 5D2 

states is observed. These depopulated 5D1 and 5D2 states can be explained by a high 

multiphonon relaxation (MPR) rate. The Raman spectrum of the YSiO2N sample 

provided in Figure 4.9 indicates that the maximum phonon energy ħωmax for the monoclinic 

YSiO2N is 918 cm−1. This large phonon energy is due to the vibrational mode of the Si-N 

bonding, resulting in the relaxation from the 5D2 to the 5D1 levels (~2500 cm−1) or the 5D1 to 

the 5D0 levels (~1700 cm−1) with only two or three phonon emissions [35]. Thus, all the 

sharp luminescence bands are assigned to the 5D0 → 7FJ (J = 0–6) transition. For the 

assignment of Eu3+: 4f-4f PL and PLE bands at different sites, the general relationship 

between spectroscopic features and crystallographical 

Figure 4.7. Calculated total and partial density of states for α-CaSiO3 (space group C2/c), enlarged in the range 
from −5.0 to 10.0 eV around the Fermi level. The PDOS curves for O 2p and Ca 3p orbitals are overshadowed. 
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structure for Eu3+ ions is summarized in Table 4.8. Under the CT excitation, the spectral shape 

is almost the same as the reported one [12]. The five luminescence peaks in the range of 16600–

17200 cm−1 are assigned to the 5D0 → 7F1 magnetic dipole (MD) transition. Considering the PL 

spectra with different Eu3+ concentrations (0.1, 0.5, 3.0%, shown in Figure 4.10), five 

nonequivalent Y3+ sites can equally accommodate Eu3+ ions without any priority. As the CT 

excitation bands broadly spread over the UV region, all Eu3+ ions at Y3+ sites can be efficiently 

excited and show 4f-4f luminescence. On the other hand, only the three 5D0 → 7F1 luminescence 

peaks are observed under the 5D2 ← 7F0 ED transition, indicating that only Eu3+ ions that occupy 

a particular site emit red luminescence with the 466 nm excitation. Since the line strength of the 
5D2 ← 7F0 excitation takes a large value only for hypersensitive distorted sites [36], the PL 

spectrum with the 466 nm excitation is attributed to the luminescence of the Eu3+ ions at non-

centrosymmetric Cn sites (Eu3+(Cn)). Only one sharp luminescence band at 17236 cm−1 (λ = 

580.2 nm) is assigned to the 5D0 → 7F0 transition, which is used to determine the number of sites 

Figure 4.8. (a) Normalized PL spectra at 4 K excited by CT transition (λex = 320 nm) and 5D2 ← 7F0 transition (λex 
= 466 nm). The PL intensities are normalized by the integrated PL intensities for one of the 5D0 → 7F1 MD 
luminescence bands peaking at 16992 cm−1 (overshadowed). Below 13600 cm−1 (= ~735 nm), the spectra are 
enlarged three times. (b) Energy level diagram of Eu3+ ions in monoclinic YSiO2N. 
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due to no Stark splitting for the terminal 7F0 level [37], indicating that the 7FJ levels for Eu3+(C1) 

and Eu3+(C2) are hardly distinguished in the monoclinic YSiO2N:Eu3+.  

Figure 4.9. Raman spectrum of the YSiO2N sample at room temperature with 785 nm laser irradiation. 

Figure 4.10. Normalized PL spectra for the Eu3+-doped YSiO2N samples with different concentrations (0.1, 0.5, and 
3.0%) at room temperature. The samples were excited by a He-Cd laser (λex = 325 nm). 



Chapter 4. Site-Selective Eu3+ Luminescence in the Monoclinic Phase of YSiO2N 

115 

Table 4.8. Overview of relative intensities in PL and PLE spectra for Eu3+-doped phosphorsa 

PL PLE 

character of transition b ED MD ED MD CT 

initial level [5D0] [5D0] [7F0] [7F0] — 

non-centrosymmetric 

(Cn sites) 
++ + ++ + +++

centrosymmetric 

(Ci sites) 
− + − + +++ 

aRelative intensity of each transition is represented with the following notations; +++ = very strong, ++ = strong, 
+ = medium, − = (very) weak
bED = Electric dipole transition, MD = magnetic dipole transition, CT = charge transfer transition

Figure 4.11 shows the PL-PLE contour plot of the Y0.995SiO2N:Eu3+
0.005 sample at 20 K to 

identify luminescence for Eu3+ ions incorporated in a variety of coordination environments. 

Here, the sample doped with 0.5% Eu3+ was used only for this measurement to obtain the spectra 

with a sufficiently high signal-to-noise ratio. It had been confirmed that the YSiO2N samples 

doped with 0.1 and 0.5% Eu3+ show the same shapes of PL spectra, as displayed in Figure 4.10. 

The Eu3+ ions in the YSiO2N host were excited by the 5D1 ← 7F0 MD transition, whose transition 

probability is insensitive to site-symmetry of the local environment [37,38] and spectral shape 

is relatively simple due to the small number of Stark sublevels (three or less). The contour plot 

successfully separates two Eu3+ luminescence spectra plotted in the right panel of Figure 4.11.  

Under the 527.0 nm excitation light illumination, the intense luminescence with 

hypersensitive 5D0 → 7F2 ED transition is observed. This luminescence is attributed to Eu3+(Cn) 

ions because of the similar PL spectrum with the 5D2 ← 7F0 ED excitation shown in Figure 4.8a. 

On the other hand, only three sharp luminescence bands attributed to the Eu3+ 5D0 → 7F1 MD 

transition are distinctly observed under the 524.5 nm excitation light irradiation. Compared 

with the Eu3+(Cn) luminescence, the 5D0 → 7F2 luminescence in the range of 605–630 nm is much 

weaker. Considering relatively strong MD luminescence with three peaks, we assign this PL 
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spectrum to the Eu3+ luminescence at the centrosymmetric Ci sites (Eu3+(Ci)). By combining 

these two PL spectra for Eu3+(Cn) and Eu3+(Ci) ions, we can reproduce the PL spectra excited by 

the CT transition (Figure 4.12). In this contour plot, the relative intensity of the 5D0 → 7F1 

luminescence does not reflect the ratio between the number of the Cn and Ci sites because the 

PL intensity is determined by the quantum efficiency of each transition and branching ratio of 

the MD transition.  

The site-selective spectroscopy suggests that the [Eu3+O6N2] dodecahedron with Cn 

symmetry generates very effective red luminescence because of the lack of an inversion center. 

The degree of enhancement of luminescence due to site distortion can be evaluated with the 

Judd-Ofelt theory [38–41]. According to the Judd-Ofelt theory, the spontaneous emission rate 

of 4f-4f transition from the initial excited states |Ψ’J’> to the terminal ground states |ΨJ> AR(ΨJ, 

Ψ’J’) is proportional to the summation of the matrix elements, described below, 

Figure 4.11. PL-PLE contour plot (λex vs. λem) of the Y0.995SiO2N:Eu3+
0.005 sample at 20 K, constructed by PL spectra 

with different excitation wavelengths (λex = 522–529 nm). The right and top panels show PL and PLE spectra at 
particular excitation and emission wavelengths. 
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𝐴𝐴R(𝛹𝛹𝐽𝐽, 𝛹𝛹′𝐽𝐽′) = 64𝜋𝜋4𝑚𝑚3̃𝑒𝑒2

3ℎ(2𝐽𝐽′ + 1)
�𝑛𝑛(𝑛𝑛2 + 2)2

9
𝑆𝑆ED + 𝑛𝑛3𝑆𝑆MD� , (4.1) 

𝑆𝑆ED = � 𝛺𝛺𝑡𝑡|⟨𝛹𝛹′𝐽𝐽 ′‖𝑈𝑈𝑡𝑡‖𝛹𝛹𝐽𝐽⟩|2
𝑡𝑡=2,4,6

. (4.2) 

In eq. 4.1, 𝜈𝜈� is the centroid energy of a radiative transition, e is the elementary charge (= 4.803 

× 10−10 esu), h is the Planck constant (= 6.626 × 10−27 erg s−1), n is the refractive index of a host 

material (1.94 for YSiO2N [17]), and SED and SMD are the line strengths of ED and MD transition, 

respectively. Here, the SED parameter is sensitive to the local environment around lanthanoid 

ions, while the MD transition is insensitive to the local environment [38,42]. In eq. 4.2, the SED 

is described by the summation of the product of two parameters; the Judd-Ofelt intensity 

parameter Ωt (t = 2, 4, 6) and the squared reduced matrix elements (RMEs) |<||Ut||>|2, which 

have unique values for each transition. Only the Ωt parameter is a powerful tool to characterize 

the luminescence properties of the 4f-4f transition depending on the local environment. 

We performed the Judd-Ofelt analysis with the integrated photon flux estimated from the 

PL spectra (Figure 4.8a), proportional to the spontaneous emission rates of the 5D0 → 7FJ 

Figure 4.12. Normalized PL spectra excited with 320.0, 524.5, and 527.0 nm. The spectrum with a solid gray line 
represents the summation of the spectra for the Eu3+(Cn) and Eu3+(Ci) luminescence depicted with the red- and 
blue-overshadowed spectra. The summation spectrum well reproduces the PL spectrum with the CT excitation. 
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transition (J = 0–6). The spontaneous emission rates for Eu3+(Ci) were estimated by the difference 

between the PL spectra excited by the CT and 5D2 ← 7F0 transitions. The calculated Ωt parameters, 

the spontaneous emission rates AR, and the radiative lifetimes τR are listed in Table 4.9. The AR 

values and the branching ratios for all 5D0 → 7FJ transitions are given and visualized in the 

Supporting Information (Tables 4.10 and 4.11, and Figure 4.13). 

    Many previous studies concluded that the Ω2 parameter strongly correlates with the 

asymmetry of a coordination polyhedron [36,38,41]. The Cn sites show the very large Ω2 

parameter, 15.1 × 10−20 cm2, which is comparable to the value for the Y2O2S:Eu3+ (13.0 × 10−20 

cm2) [43]. On the other hand, the Ci sites have quite a small Ω2 value (0.554 × 10−20 cm2) due to 

centrosymmetry. In the case of the [Eu3+O6N2] dodecahedron, lacking an inversion center 

enhances the PL intensity of the 5D0 → 7F2 ED transition about 27 times. The chemical trend of 

the Ω4 and Ω6 parameters is still under discussion. For inorganic crystals, the covalent bonding 

character between Eu3+ ions and ligands seems to correlate with the Ω4,6 values [44]. For the 

Figure 4.13. (a) Histogram of calculated Judd-Ofelt intensity parameters Ωt (t = 2, 4, 6) for the Eu3+(Cn) and Eu3+(Ci) 
in monoclinic YSiO2N, based on the PL spectra shown in Figure 4a. (b) Histogram of the branching ratio of the 5D0 
→ 7FJ (J = 0–6) transition for the Eu3+(Cn) and Eu3+(Ci) ions.
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Eu3+(Cn), only the Ω6 parameter is considerably large, resulting in strong 5D0 → 7F6 luminescence, 

while the Ω4 parameter takes a typical value for Eu3+-doped aluminates and silicates [12,45]. The 

Ω4 and Ω6 parameters possibly relate to other variables such as the 6s electron density [46], 

ligand-field distortion [47], and basicity around lanthanoid ions [48], thereby making it difficult 

to conclude the origin of the large Ω6 parameter. The Eu3+(Ci) takes the small Ω4 and Ω6 values 

as well as the Ω2 because of the strong parity-forbidden character stemming from the 

centrosymmetric field.  

Table 4.9. Calculated parameters for Eu3+ ions in the Cn and Ci sites of the monoclinic YSiO2N host by the Judd-
Ofelt analysis; the Judd-Ofelt intensity parameters Ωt (t = 2, 4, 6), the spontaneous emission rates of the 5D0 → 7FJ 
transition AR(7FJ) (J = 1, 2, 4, 6), the radiative rates ΓR, and the radiative lifetimes τR 

Ω2 

(10−20 cm2) 

Ω4 

(10−20 cm2) 

Ω6 

(10−20 cm2) 

AR(7F1) 

(102 s−1) 

AR(7F2) 

(102 s−1) 

AR(7F4) 

(102 s−1) 

AR(7F6) 

(102 s−1) 

ΓR

(102 s−1) 

τR 

(ms) 

Cn 15.1 5.22 13.1 1.06 10.4 1.84 0.310 14.7 0.681 

Ci 0.554 0.570 1.07 1.07 0.382 0.204 0.024 1.74 5.75 

Table 4.10. Calculated spontaneous emission rates (unit: 102 s−1) of the Eu3+: 5D0 → 7FJ (J = 0–6) transition for the 
Cn and Ci sites in monoclinic YSiO2N 

AR(5D0 → 7FJ) 

J = 0 J = 1 J = 2 J = 3 J = 4 J = 5 J = 6 

Cn 0.526 1.06 10.4 0.443 1.84 0.0762 0.310 

Ci 0.0314 1.07 0.384 0.0105 0.204 0.00980 0.0236 

Table 4.11. Branching ratios (%) of the Eu3+: 5D0 → 7FJ (J = 0–6) transition for the Cn and Ci sites in monoclinic 
YSiO2N 

5D0 → 7FJ 

J = 0 J = 1 J = 2 J = 3 J = 4 J = 5 J = 6 

Cn 3.58 7.20 71.1 3.01 12.5 0.519 2.11 

Ci 1.81 61.8 22.1 0.601 11.8 0.564 1.36 
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The Judd-Ofelt analysis also reveals that the radiative lifetime of the Eu3+: 5D0 states at the 

Cn sites (= 0.681 ms) and the Ci sites (= 5.75 ms) are totally different due to the difference of 

spontaneous emission rates of ED transition related to centrosymmetry around Eu3+ ions, 

suggesting that it is possible to separate the luminescence of Eu3+(Cn) and Eu3+(Ci) in terms of 

time-resolved spectroscopy. The contour plot in Figure 4.14 shows the time-resolved PL spectra 

of the YSiO2N:Eu3+ samples in milliseconds and the different luminescence decay curves of each 

PL peak. The intense luminescence with fast decay below a few milliseconds is attributed to the 

Eu3+(Cn) ions. In contrast, the luminescence with a slow decay in a few tens of milliseconds is 

attributed to the Eu3+(Ci) ions. The top panel shows the integrated PL spectra with different 

integration time ranges. In the time range of 0–10 ms, both Eu3+ luminescence at the Cn and Ci 

sites are observed, whose spectral shape is similar to the PL spectra with the CT excitation 

Figure 4.14. Contour plot for time-resolved PL spectra of the YSiO2N:Eu3+ sample at 20 K in the region of 575–635 
nm. (Right panel) Luminescence decay curves monitored by 580, 584.2, and 609 nm. (Top panel) Integrated PL 
spectra with different integration time ranges: (red) 0–10 ms, (blue) 10–30 ms. 
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(Figure 4.8a). In the time range of 10–30 ms, in which the Eu3+(Cn) luminescence is completely 

quenched, it is possible to extract the Eu3+(Ci) luminescence with a high signal-to-noise ratio. 

This spectrum shows a weak Eu3+ luminescence in the range of 600–630 nm assigned to the 5D0 

→ 7F2 ED transition.

The right panel shows the luminescence decay curves with different monitored 

wavelengths, 580, 584.2, and 609 nm. As seen in the contour plot, the luminescence bands 

peaking at 580 and 584.2 nm are assigned to the pure Eu3+(Cn) and Eu3+(Ci) luminescence, 

respectively. We estimated the luminescence lifetimes of the 5D0 excited states for the Eu3+(Cn) 

and Eu3+(Ci) ions with a single-exponential function to be 0.610 and 5.51 ms. The estimated 

luminescence lifetimes show a good agreement with the radiative lifetimes obtained by the Judd-

Ofelt analysis, which supports that the assignment of PL spectra is valid. Under the 609 nm 

detection, the luminescence for Eu3+ ions at both Cn and Ci sites is observed. The decay curve is 

characterized by the Eu3+(Cn) ions in the short range below a few milliseconds because the slope 

is similar to the curve monitored at 580 nm. Over 5.0 ms, the slope is parallel to that for the 

Eu3+(Ci) ions. Thus, the decay profile is interpreted as the convolution of two characteristic 

single-exponential for the Eu3+(Cn) and Eu3+(Ci).  

By detecting the distinguished Eu3+ 5D0 → 7F1 luminescence bands located at 588.4 nm for 

Eu3+(Cn) and 583.9 nm for Eu3+(Ci), the site-selective PLE spectra of the YSiO2N:Eu3+ sample 

were obtained at 4 K, as shown in Figure 4.15. In both spectra, weak sharp lines assigned to the 

4f-4f forbidden transition, a weak band below 28000 cm−1 related to intrinsic defects of the host 

oxynitride, and strong CT excitation bands over 28000 cm−1 are observed.  

The CT bands for both Eu3+(Cn) and Eu3+(Ci) have two distinct peaks in the near-UV 

region, deconvoluted with two Gaussian functions in the energetic scale. The Gaussian-shaped 

fitted lines are shown with overshadowed broken lines, labeled with CTI(Cn), CTII(Cn), CTI(Ci), 

and CTII(Ci). The peak position and full width at half maximum (FWHM) of each Gaussian 

profile are listed in Table 4.12. The energy differences between two Gaussian peaks of CTI and 

CTII (∆E(CTI-CTII)) for Eu3+(Ci) and Eu3+(Cn) are 4834 cm−1 (= 0.599 eV) and 4508 cm−1 (= 0.559 

eV), respectively. The CT-band energy depends on the electronegativity of coordinating anions 
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because the CT transition is considered to be the transition from the VB top to the Eu2+ 4f 

ground state in a band structure [49]. Therefore, the well-separated CTI and CTII bands are 

attributed to electron transfer from different anions, N3−(CTI) and O2−(CTII) ions. As shown in 

the PDOS curves (Figure 4.6b), the N 2p orbitals with higher energy than the O 2p orbitals cause 

the smaller CT-band energy. Note that the energy difference of N and O 2p orbitals in PDOS (= 

~2.0 eV) does not correspond to that between CTI and CTII (0.599 eV for Eu3+(Ci) and 0.559 eV 

for Eu3+(Cn)) because the energy for anion p orbitals is over/under-estimated due to the self-

interaction of electrons within the DFT framework. Besides, since the CT transition is a local 

phenomenon associated with the coordination environment around Eu3+ ions, it is difficult to 

characterize the absolute CT energy with the band structure. Nevertheless, as the chemical trend 

is reliable, the PDOS results support the assignment of the CT excitation bands related to the 

different anion species. This result suggests that the CT band energy depends hardly on the site 

symmetry around Eu3+ in the monoclinic YSiO2N host but severely on the ligand species.  

Figure 4.15. Normalized site-selective PLE spectra of the YSiO2N:Eu3+ sample at 4 K monitored at 583.9 nm for 
Eu3+(Ci) and 588.4 nm for Eu3+(Cn). The PLE intensities are normalized by the 5D1 ← 7F0 MD transition. The 
overshadowed broken lines show the fitted curves for the CT excitation bands with Gaussian functions. 
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Table 4.12. Peak positions and FWHMs for the deconvoluted CT excitation bands with two Gaussian functions 

CTI CTII 

∆E(CTI-CTII) site 
symmetry 

peak position 
(cm−1) 

FWHM 
(cm−1) 

peak position 
(cm−1) 

FWHM 
(cm−1) 

Cn 31984 2719 36492 4800 4834 

Ci 31488 2853 36322 3991 4508 

4.3.4. Thermal Quenching Behavior Correlated with Temperature-Variation of 

Local Environment 

We characterize the thermal quenching behavior of the YSiO2N:Eu3+ through luminescence 

decay measurements, detecting the different luminescence bands peaking at 583.4 and 625.4 nm. 

Figure 4.16a shows the luminescence decay curves at various temperatures (T = 100–700 K) 

monitored with the 5D0 → 7F2 luminescence peaking at 625.4 nm. According to the time-resolved 

PL spectra (Figure 4.11), Eu3+(Cn) ions dominate in the 5D0 → 7F2 luminescence, indicating that 

these decay curves have the characteristics mainly of the 5D0 states for the Eu3+(Cn) ions. In 

addition to the decay profile for the Eu3+(Cn) ions, the luminescence component with a long 

Figure 4.16. Luminescence decay curves of Eu3+: 5D0 luminescence at various temperatures (T = 100–700 K) 
excited by the CT transition (λex = 337 nm) in (a) Cn and (b) Ci sites of monoclinic YSiO2N. The solid lines represent 
the fitting curves with a second-ordered exponential function (eq. 4.3). 
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lifetime for the Eu3+(Ci) ions is observed, particularly at low temperatures. Figure 4.16b shows 

the decay curves up to 600 K monitored with the 5D0 → 7F1 luminescence peaking at 583.4 nm, 

which is precisely attributed to the Eu3+(Ci) luminescence. Although these decay curves seem to 

have a single-exponential profile as well, they largely deviate from the single-exponential in the 

range of a few milliseconds. This is because the Eu3+(Cn) luminescence with a short lifetime is 

detectable even at 583.4 nm due to the thermal broadening of PL bands.  

For both luminescence decay curves monitored at 583.4 and 625.4 nm, we should take 

the contribution of both Eu3+(Ci) and Eu3+(Cn) ions into account. The luminescence decay curves 

at each temperature were fitted with a second-ordered exponential function described below, 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴𝐶𝐶𝑚𝑚
exp�−𝑡𝑡 𝜏𝜏𝐶𝐶𝑚𝑚

� � + 𝐴𝐴𝐶𝐶𝑖𝑖
exp�−𝑡𝑡 𝜏𝜏𝐶𝐶𝑖𝑖

� � , (4.3) 

where ACn and ACi are amplitudes, and τCn and τCi are luminescence lifetimes for Eu3+(Cn) and 

Eu3+(Ci) ions, respectively. Two decay curves at the same temperature were fitted simultaneously 

with the common lifetimes τCn and τCi. The fitted lines are shown in Figures 4.16a and 4.16b with 

solid lines. The RMS errors for the fitting are relatively small. The temperature dependence of 

output amplitudes is provided in Figure 4.17, indicating that the fitting results are reliable 

because it shows a similar trend to the lifetimes. 

Figure 4.17. Temperature dependence of the amplitudes obtained by the fitting of luminescence decay curves with 
eq. 4.3. 
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The estimated luminescence lifetimes of the 5D0 states for Eu3+(Cn) and Eu3+(Ci) ions are 

plotted against temperature in Figure 4.18. The Eu3+(Cn) ions show the typical quenching 

behavior described by the single potential barrier model.  

𝜏𝜏 = 1

𝛤𝛤𝜈𝜈 + 𝛤𝛤0 exp�−𝐸𝐸𝑎𝑎
𝑘𝑘𝑘𝑘� �

, (4.4) 

where Γν is the radiative transition rate, Γ0 is the attempt rate of the non-radiative process, Ea is 

the activation energy of thermal quenching, k is the Boltzmann constant (= 8.617 ×10−5 eV K−1) 

and T is temperature. The lifetime of Eu3+(Cn) luminescence does not change drastically up to 

~460 K, which is approximately 0.60 ms. 

On the other hand, the lifetime of Eu3+(Ci): 5D0 luminescence monotonously decreases 

with temperature even at low temperatures below 400 K, indicating that other temperature-

driven quenching processes can exist. The MPR from the 5D0 to the 7F6 levels is one possible 

Figure 4.18. Temperature profile of luminescence lifetimes. The left and right axes show the lifetimes for Eu3+(Cn) 
ions (τ = 0–1.0 ms) and Eu3+(Ci) ions (τ = 0–6.0 ms). The plots are fitted by the modified single barrier quenching 
curves described by eqs. 4.6 and 4.7. 
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relaxation pathway. However, as shown in Figure 4.8b, the energy difference between the 5D0 

and 7F6 levels is approximately 12000 cm−1, which is too large to make the 5D0 state relax down 

with a high MPR rate. This is because more than ten phonons are necessary with the maximum 

phonon energy for YSiO2N, ħωmax = 918 cm−1. Therefore, the MPR process to the 7F6 level cannot 

be a quenching route for the 5D0 state. Although another possible relaxation pathway is the cross-

relaxation between neighboring Eu3+ ions, the Eu3+ ions in the YSiO2N matrix are well isolated 

because of the sufficiently low Eu3+ concentration (0.1%), leading to a very small probability of 

interaction between adjacent Eu3+ ions.  

In the framework of the single barrier quenching model, we assume that the radiative 

transition rate Γν is independent of temperature. According to the Judd-Ofelt theory, the 

spontaneous emission rate for the 4f-4f transition AR is described by eqs. 4.1 and 4.2, where there 

is no temperature-dependent term. However, the Judd-Ofelt intensity parameters can be 

variable with temperature. If some character of local environments around Eu3+ ions varies with 

temperature, only the Judd-Ofelt intensity parameter Ωt can be influenced, resulting in the 

temperature-variation of the radiative transition rate Γν.  

The temperature dependence of the PL spectrum recorded with 523.5 nm excitation (T = 

4–300 K) is provided in the Supporting Information (Figure 4.19) to confirm that the Ω2 

parameter changes with temperature for the Ci sites in monoclinic YSiO2N. The relative PL 

intensity of the 5D0 → 7F2 ED transition to the 5D0 → 7F1 MD transition seems to be enhanced at 

high temperatures. However, the spectral shape at 300 K is similar to the PL spectrum shown in 

Figure 4.8a due to the Eu3+(Cn) luminescence induced by the thermal broadening of the 5D1 ← 
7F0 excitation band peaking at 527 nm. Therefore, it is difficult to discuss the temperature 

dependence of the Ω2 parameter from the PL spectra.  
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In the PLE spectra for Eu3+(Ci) luminescence peaking at 583.9 nm, the site selectivity is 

still valid at high temperatures because no PL peak related to Eu3+(Cn) ions overlaps in the range 

of 582–584 nm. For the 5D2 ← 7F0 ED transition, SED depends only on the Ω2 parameter because 

this ED transition has only one non-zero value of |<||U2||>|2 = 0.0009 [35]. Thus, the temperature 

variation of the relative PLE intensity of the 5D2 ← 7F0 ED transition to the 5D1 ← 7F0 MD 

transition is a good indicator to discuss the temperature dependence of the Ω2 parameter with 

site-selective spectroscopy. The PLE spectra measured at different temperatures (T = 4–450 K) 

in the region of 455–530 nm are shown in Figure 4.20a. The excitation peak assigned to the 5D1 

← 7F0 MD transition is consistent, and no other excitation peak appears over 526 nm, indicating 

that the site-selective detection of Eu3+(Ci): 5D0 → 7F1 luminescence is successful below 450 K. At 

low temperatures (< ~300 K), weak excitation bands originating from intrinsic defects are 

observed as a background of the 5D2 ← 7F0 peak. The PLE intensity of the 5D2 ← 7F0 ED transition 

peaking at 463–464 nm increased with temperature. The integrated areas of the 5D2 peak are 

plotted against temperature in Figure 4.20b, which is enhanced by approximately 5.6 times 

compared to that at 4K.  

Figure 4.19. PL spectra of the YSiO2N:Eu3+ sample at various temperatures (T = 4–300 K) excited with the 5D1 ← 
7F0 MD transition for Eu3+(Ci) ions (λex = 523.5 nm). 
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There may be another possibility that MPR from the 5D2 to 5D1 levels or from the 5D1 to 
5D0 levels facilitated by temperature enhances the Eu3+: 5D0 luminescence because the 

temperature profile in Figure 4.20b shows a similar trend to the temperature-dependent MPR 

rate for lanthanoid ions [50]. However, the enhancement by MPR can be kicked out by the 

following discussion. The non-radiative MPR rate between the neighboring J-sublevels (WJJ’, J’ 

→ J) is described by the following Reisfeld-model [35,50–53];

𝑊𝑊𝐽𝐽𝐽𝐽′ = 𝐵𝐵exp(−𝛽𝛽∆𝐸𝐸𝐽𝐽𝐽𝐽′) �1 − exp �−ℏ𝜔𝜔max
𝑘𝑘𝑘𝑘� ��

−∆𝐺𝐺𝐽𝐽𝐽𝐽′
ℏ𝜔𝜔max

�
, (4.5) 

where the relative non-radiative term like B and β are constants for each compound, ∆EJJ’ is the 

energy gap to the next lower level, ħωmax is the maximum phonon energy for the host 

compounds (918 cm−1 for monoclinic YSiO2N), k is the Boltzmann constant, and T is 

temperature. The ∆E12 (5D2-5D1) and ∆E01 (5D1-5D0) are approximately 2500 and 1700 cm−1, 

respectively [35]. Employing B (1.204 × 108 s−1) and β (3.53 × 10−3 cm) of the Y2O3 host [35,50], 

the temperature-dependent MPR rate is calculated and shown in Figure 4.20b with the solid and 

broken red lines. The increases of the non-radiative rate WJJ’ are only about 1.16 (W12) and 1.11 

Figure 4.20. (a) PLE spectra of Eu3+(Ci) ions at various temperatures (T = 4–450 K). The PLE intensities are 
normalized by the integrated area of the 5D1 ← 7F0 MD transition peaking at 524.5 nm. (b) Temperature variation 
of relative PLE intensities of the 5D2 ← 7F0 ED transition to the 5D1 ← 7F0 MD transition. The red solid and broken 
lines show the calculated temperature-dependent non-radiative MPR rate WJJ’ described by the Reisfeld-model (eq. 
5). The intensity ratio of 5D2/5D1 ← 7F0 and WJJ’ are normalized by each value at 4 K. 
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(W01) times, even at 450 K. This is because the MPR rates are significant even at low temperatures 

(W12 = 1.77 × 104 s−1 and W01 = 2.98 × 105 s−1 at 4 K) enough to cause the depopulation of the 
5D2 and 5D1 sublevels due to the large phonon energy. This discussion is consistent with no 

luminescence peaks assigned to the 5D1 and 5D2 luminescence in the PL spectrum (Figure 4.8a). 

Therefore, the Ω2 parameter for the Ci sites in monoclinic YSiO2N depends on the temperature 

due to the thermally induced site distortion with anion displacement. The time-resolved PL 

spectra at room temperature also support the enhancement of the Ω2 parameter leading to the 

large spontaneous emission rate of the 5D0 → 7F2 transition, as provided in Figure 4.21. 

According to the curves shown in Figure 4.20b, the intensity ratio 5D2/5D1, depending only 

on the Ω2 parameter, linearly increases over 100 K. Thus, we assume that the spontaneous 

emission rate of the ED transition in the Γν value is proportional to the temperature variation in 

the temperature range of 100–700 K. The modified single barrier quenching model is described 

below; 

Figure 4.21. Integrated time-resolved spectra for the YSiO2N sample at different temperatures (T = 20 and 300 K) 
with the time range of 8–30 ms, at which the Eu3+(Cn) luminescence with the ~0.6 ms lifetime is quenched. 
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𝜏𝜏 = 1

𝛤𝛤𝜈𝜈 [𝑘𝑘 ] + 𝛤𝛤0 exp �−𝐸𝐸𝑎𝑎
𝑘𝑘𝑘𝑘� �

, (4.6) 

𝛤𝛤𝜈𝜈 [𝑘𝑘 ] = (1 + α𝑘𝑘 )𝐴𝐴R,ED + 𝐴𝐴R,MD + 𝐴𝐴R,forbidden, (4.7) 

where we introduce α, correlated with a sensitivity of radiative rates for ED transition to thermal 

distortion of a local structure. The α parameter should be specific to a local structure. The 

temperature-dependent radiative rate Γν[T] is described by the summation of the spontaneous 

emission rates AR for the ED (5D0 → 7F2,4,6), MD (5D0 → 7F1), and forbidden (5D0 → 7F0,3,5) 

transitions. The AR parameters obtained by the Judd-Ofelt analysis are used as the initial 

parameters for the fitting. The temperature profile of the luminescence lifetimes for the Eu3+(Cn) 

and Eu3+(Ci) ions are fitted with this modified model. For the Eu3+(Ci) curve, the plots largely 

deviate from the fitting line over 500 K because the Eu3+(Ci) luminescence is hardly detectable 

due to the severe quenching and overlapping with the profile for the strong Eu3+(Cn) 

luminescence. The obtained parameters are listed in Table 4.13. The AR values for both Eu3+(Cn) 

and Eu3+(Ci) ions take similar values to the radiative rates estimated by the Judd-Ofelt analysis. 

The small deviation is caused by the error in the refractive index (n = 1.94 [17]) for the Judd-

Ofelt analysis or the temperature difference between 0 and 4 K. The attempt rates Γ0, which 

correlate with the maximum phonon energy of a host compound [49], take similar values for 

both Cn and Ci sites. The α value is very large only for the Eu3+(Ci) because the slight distortion 

from the centrosymmetry is critical to induce the ED transition for the 4f-4f parity forbidden 

transition. Therefore, the anomalous temperature profile for the Eu3+(Ci) luminescence lifetime 

is due to enhancing the radiative ED transition with temperatures. The luminescence decay 

analysis outputs the activation energy for the thermal quenching of Eu3+ ions. The energy 

difference between the Ea values for the Eu3+(Cn) and Eu3+(Ci) is 0.060 eV, corresponding to the 

energy difference between the lower CTI bands relating to the electron transfer from N3− to Eu3+ 

ions, 0.061 eV. This result indicates that the principal thermal quenching route for the Eu3+: 5D0 

states in monoclinic YSiO2N takes place via the N3−-Eu3+ CT states.  
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Table 4.13. Fitting results with the modified single barrier quenching model 

AR,ED
a 

(102 s−1) 
AR,MD

a 
(102 s−1) 

AR,forbidden
a 

(102 s−1) 
Γν[0] 

(102 s−1) 
Γ0 

(109 s−1) 
Ea 

(eV) 
α 

(10−3 K−1) 

Cn sites 
13.8 

(12.6) 
1.06 

(1.06) 
1.04 

(1.04) 
15.9 5.48 0.736 0.207 

Ci sites 
0.463 

(0.612) 
0.106 

(0.107) 
0.0541 

(0.0517) 
1.58 5.52 0.676 6.61 

aThe AR values in parentheses are the initial value for the fitting, estimated by the Judd-Ofelt analysis with the PL 
spectra at 4 K. 

4.4. Conclusions 

In this study, we investigated the Eu3+ luminescence properties thoroughly in oxynitride 

coordination environments for YSiO2N in terms of the site-selective and time-resolved 

spectroscopy with the precise crystallographical data. The single-crystal X-ray diffraction and 

the time-of-flight neutron diffraction successfully identified the crystal structure of YSiO2N as 

the monoclinic lattice with the space group C2/c. In this lattice, all Eu3+ ions are incorporated in 

the [YO6N2] dodecahedra, classified into two groups with centrosymmetry; Cn and Ci sites. Eu3+ 

ions at the Cn and Ci sites showed a completely different radiative rate for the electric dipole 

transition, resulting in the 27 times enhanced 5D0 → 7F2 luminescence and the 8.4 times shorter 

luminescence lifetime by lacking an inversion center. The temperature dependence of the 

luminescence lifetime for the Eu3+ ions in Ci sites revealed that the thermally induced deviation 

from centrosymmetry increases the radiative rate with the Judd-Ofelt intensity parameter Ωt 

increasing. Despite the significant difference in the radiative rate, the ligands-Eu3+ charge 

transfer states were affected scarcely by site symmetry but severely by anion species. The ab initio 

calculation results and the photoluminescence excitation spectra suggested that the thermal 

quenching of the Eu3+: 5D0 luminescence occurs via the charge transfer states between N3− and 

Eu3+ ions. The results indicate that not only the mixed-anion coordination but also the local 

structure that induces some distortion is necessary for the improvement of Eu3+ luminescence. 

The YSiO2N:Eu3+ provides a new possibility for developing the near-UV excitable narrow-band 

red phosphors with partial N3− coordination. 
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Chapter 5  
Deep-Red to Near-Infrared Luminescence from 

Eu2+-Trapped Exciton States in YSiO2N 

Abstract 
The valence state of Eu ions doped in inorganic compounds is easily influenced by the synthesizing 

condition. In this study, the X-ray absorption spectroscopy revealed that almost half of Eu ions 

incorporated in the YSiO2N host were reduced into the divalent state through the sintering process at 

1600 ºC under the N2 gas atmosphere without any annealing processes. The prepared Eu2+/3+-doped 

YSiO2N sample showed the anomalous deep-red to near-infrared luminescence below 300 K under violet 

light illumination, whose luminescent properties are discussed with the detailed spectroscopic analyses. 

In the photoluminescence spectra at 4 K, the broad luminescence band ranging from 550 to 1100 nm 

with a large Stokes shift of 5677 cm−1 was observed, assigned to the recombination emission related to 

the Eu2+-trapped exciton state. The temperature dependence of luminescence lifetime suggests that the 

thermal quenching of Eu2+-trapped exciton luminescence takes place through complicated processes in 

addition to thermal ionization. The energy diagrams based on the spectroscopic results indicate that 

Eu2+-trapped exciton luminescence in the YSiO2N:Eu2+/3+ sample was observed because all the Eu2+: 5d 

excited levels are degenerated with the host conduction band, and the relatively stable Eu2+-trapped 

exciton state in the Y3+ sites is formed just below the conduction band bottom. The comprehensive 

discussion on the deep-red to near-infrared luminescence in the YSiO2N host could give new insights 

into the mechanism of Eu2+-trapped exciton luminescence in Y3+ sites, which has the potential to the 

near-infrared emitting devices. 
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5.1. Introduction 

Divalent europium ion (Eu2+) is one of the most studied luminescence centers for functional 

luminescent materials activated with lanthanoid ions. Its applications are various; e.g., solid-

state lighting [1–3], high-resolution LED displays [4,5], and persistent phosphors [6,7]. Eu2+ ions 

in inorganic compounds show highly efficient luminescence due to the parity allowed 5d → 4f 

transition. Unlike the Ce3+: 5d → 4f luminescence, the typical luminescence lifetime of Eu2+ is 

relatively long, 0.4–3.3 µs [8,9], due to the partially spin-forbidden transition from the mixing 

state of sextet and octet 4f65d1 to 4f7 8S7/2 levels. The luminescence wavelengths are correlated 

with the anion species coordinating around Eu2+ ions and crystal field [10,11]. In terms of 

tailoring the luminescence color, the 5d energy shift in a specific ligand field has been studied 

in a variety of compounds. Recently, more and more researchers have been focusing on the 

exploration of materials showing the broadband deep-red and near-infrared (NIR) 

luminescence for applications, such as lighting, sensing, and bio-imaging devices [12–14]. The 

deep-red to NIR phosphors in many reports utilize the Cr3+: 3d-3d luminescence in the 

octahedral coordination [15]. On the other hand, there are not so many examples of deep-red 

to NIR luminescence of Eu2+-doped oxides despite the broadband luminescence through highly 

efficient 5d-4f parity allowed transition [16–21]. For materials exploration, (oxy)nitrides can be 

a desirable host compound for the deep-red to NIR phosphors because of the redshifted Eu2+ 

luminescence caused by the large nephelauxetic effect of nitrogen [22]. In literature, there are 

only a few reports about the deep-red to NIR emitting Eu2+-doped nitrides with a luminescence 

peak λem over 700 nm, such as Mg3(BN2)N:Eu2+ (λem = 710 nm) [23] and Ca3Mg[Li2Si2N6]:Eu2+ 

(λem = 734 nm) [24]. 

However, luminescence in the Eu2+-doped compounds is not always attributed to the Eu2+: 

5d → 4f transition. For example, the BaS:Eu2+ shows NIR luminescence peaking at 878 nm at 

ambient temperature with quite broad widths of 3980 cm−1 [25]. This luminescence is not 

anticipated from the chemical trend of Eu2+: 5d → 4f transition in AES materials (AE = Ca, Sr, 

and Ba). Such anomalous luminescence is attributed to the recombination emission from the 

impurity-trapped exciton state [26,27]. The features and problems of anomalous luminescence 
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related to Eu2+- or Yb2+-trapped exciton states have been reviewed in Dorenbos’s report [26]. The 

impurity-trapped exciton state takes large lattice relaxation, resulting in the anomalously broad 

and redshifted luminescence band with a large Stokes shift. Recently, some studies have claimed 

that the mechanism of anomalous luminescence is due to the intervalence charge transfer 

(IVCT) transition [28,29]. 

In this study, the Eu2+-related luminescence in the YSiO2N host is characterized and 

discussed. Previously, we have reported the intense red luminescence of the Eu3+-doped YSiO2N 

phosphor under near-UV excitation [30]. While the as-made YSiO2N:Eu3+ sample, which was 

prepared by the solid-state reaction at 1600 ºC under N2 gas flow, showed the strong absorption 

band in the range of 380–500 nm and weak Eu3+ luminescence, the annealing process of the 

sample at 700 ºC under N2 gas flow successfully enhanced Eu3+ luminescence intensity. 

According to the Ellingham diagram, this enhancement was possibly due to the oxidization of 

Eu ions that were reduced into the divalent state during the high-temperature synthesis under 

the inert atmosphere. However, there was no direct evidence showing the existence of Eu2+ ions. 

First, we reveal the valence state of Eu ions in the as-made and annealed YSiO2N:Eu sample with 

the X-ray absorption spectroscopy, and discuss the suitable sintering condition for Eu2+- or Eu3+-

doped oxynitride phosphors. Besides, we find that the Eu2+/3+-doped YSiO2N sample shows the 

deep-red to NIR luminescence ranging from 550 to 1100 nm at low temperatures below 300 K 

and investigate the properties of this anomalous luminescence for the assignment; whether the 

Eu2+: 5d → 4f transition or the recombination emission related to the impurity-trapped exciton 

states. 

5.2. Experimental Section 

5.2.1. Sample Preparation 

Polycrystalline ceramic YSiO2N samples doped with 1.0% Eu ions, Y0.99Eu0.01SiO2N, were 

prepared by the solid-state reaction method. The starting chemicals Y2O3 (99.99%, Kojundo 

Chemical Laboratory), SiO2 (99.9%, Kojundo Chemical Laboratory), Si3N4 (99.9%, Kojundo 
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Chemical Laboratory), and Eu2O3 (99.99%, Furuuchi Chemical) were weighed in the glove box 

filled with high-purity Ar gas. Powders of chemicals were mixed with a ball milling system 

(Premium Line P-7, Fritsch) with ethanol (>99.5%). The obtained slurry was dried at 120 °C for 

24 h. The mixture was pelletized with dry pressing and put in an inner alumina crucible. This 

crucible was set in another large alumina crucible with carbon powder, and then sintered at 

1600 °C under N2 gas flow for 24 h. One of the as-made samples was annealed at 700 °C under 

N2 gas flow for 24 h. The crystalline phase of the prepared samples was confirmed by X-ray 

diffraction (XRD) measurements with a diffractometer (Rigaku, Ultima IV). As a reference, the 

simulated diffraction pattern of the monoclinic YSiO2N was simulated with the VESTA program 

[31,32]. 

5.2.2. Characterization 

The X-ray absorption spectroscopy (XAS) was performed at the beamline BL-9A of Photon 

Factory (KEK, Japan). The Eu LIII X-ray absorption near edge structure (XANES) spectra were 

recorded in the transmission mode. As references, EuCl2 and EuN chemicals were also measured. 

Obtained data were analyzed with the Athena software package [33]. 

Photoluminescence excitation (PLE) spectra at 4 K were measured by monochromatic 

excitation light with a 500 W Xe short arc lamp (OPM2-502XQ, Ushio Inc.) equipped with a 

double monochromator system by two monochromators (SP-300i, Acton Research Corp.), 

detected by using a photomultiplier tube (PMT) detector (R10699, Hamamatsu Photonics) 

coupled with a monochromator (SP-2300i, Princeton Instruments). The obtained PLE spectra 

were calibrated by the spectrum of the Xe lamp (light source) detected by a calibrated Si 

photodiode (S1337-1010BQ, Bunkoukeiki Co., Ltd.). For photoluminescence (PL) 

measurements, the sample was excited by the monochromatic excitation light of the Xe lamp or 

a 405 nm laser diode (LD) (SDL-405-LM-100T, Shanghai Dream Lasers Technology), and 

luminescence was detected with a Si CCD spectrometer (λ < 1050 nm, QE65Pro, Ocean Optics) 

and an InGaAs spectrometer (950 < λ < 1650 nm, NIRQuest-512-1.7, Ocean Optics) connected 

with UV-vis or NIR optical fibers. The obtained PL spectra were calibrated by the spectrum of a 

deuterium-tungsten halogen light source (DH-2000, Ocean Optics). The sample temperatures 
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were controlled by a cryostat with a closed-cycle He gas cryogenic refrigerator (CRT-A020-SE00, 

Ulvac Cryogenics). The diffuse reflectance spectra at the ambient temperature were collected by 

a UV-VIS-NIR spectrophotometer (UV-3600, Shimadzu) equipped with an integrating sphere. 

     Time-resolved luminescence spectroscopy of the bulk sample was performed on an 

optical setup mainly consisting of Ti:Sapphire solid-state laser with optical parametric generator 

(OPG), 3D Raman confocal microscope system, high-resolution monochromator, and streak 

camera. The sample was excited with OPG (Chameleon Vision-S, Coherent, inc.) pumped by a 

pulsed Ti:Sapphire laser with emission wavelength at 800 nm, which was able to generate the 

SHG laser beam at 400 nm with 75 fs pulse width and 50 MHz repetition rate. The 3D Raman 

confocal microscope system (Nanofinder 30, Tokyo Instruments, Inc.) acts as a real-time 

imaging spectrometer to monitor the emission from the phosphor under the OPO laser 

excitation. The reflected optical signal through a fluorescence microscope (BX51M, Olympus 

Co., Ltd.) was collected by a high-resolution monochromator (SpectraPro HRS-300, Princeton 

Instruments) and a streak camera (C14831-110, Hamamatsu Photonics). The emission spectral 

range was monitored between 430 nm and 800 nm with a 40 g/mm grating groove. Timescales 

for measurement were set to be 500 ns/20 ns, and temperature dependence experiments were 

performed in a microscopy cryostat (Janis ST-500, Lake Shore Cryotronics) with temperature 

control at 4, 150, and 300 K. 

     The luminescence decay measurements at low temperatures (T = 20–300 K) were 

measured by a luminescence lifetime spectrometer (Quantaurus-Tau, Hamamatsu Photonics), 

using a time-correlated single-photon counting (TCSPC) method under excitation with a 405 

nm pico-second LED. The sample temperature was controlled by a closed-cycle He cryostat 

(Mini Stat CRT-006-2600, Iwatani). 

5.3. Results and Discussion 

5.3.1. Determination of Valence States of Europium Ions in YSiO2N Host 

We investigated the valence state of Eu ions in the as-made (body color: yellow) and annealed 
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(body color: white) samples to discuss the effect of the annealing process for the Eu-doped 

YSiO2N. Figure 5.1a shows the normalized Eu LIII-edge XANES spectra for the as-made and 

annealed YSiO2N:Eu samples. The XANES spectra of the reference chemicals for divalent and 

trivalent Eu ions, Eu(II)Cl2 and Eu(III)N, are displayed in Figure 5.1b. The annealed sample 

shows a white line at 6980 eV, corresponding to the X-ray absorption peak of Eu3+. In the 

annealed YSiO2N:Eu sample, all the Eu ions take the trivalent state. Therefore, the annealing 

process at 700 ºC under the N2 atmosphere is very effective in obtaining intense Eu3+ 

luminescence in oxynitride hosts. On the other hand, the as-made sample shows another peak 

at 6974 eV, which is in accordance with the X-ray absorption peak of Eu2+, in addition to the 

Eu3+ peak at 6980 eV. The existence of Eu2+ indicates that some Eu3+ ions doped as Eu2O3 were 

reduced into divalent states in the YSiO2N host with high-temperature synthesis at 1600 °C 

under an inert atmosphere. By performing the linear combination fitting of the Eu2+ and Eu3+ 

peaks [34], the amount of Eu2+ ions is estimated to be 46.5%. Almost half of Eu ions were reduced 

into divalent states, leading to the as-made sample composition of Y0.99Eu2+
~0.005Eu3+

~0.005SiO2N, 

Figure 5.1. Normalized Eu LIII-edge XANES spectra of (a) as-made and annealed Eu-doped YSiO2N samples, and 
(b) EuCl2 and EuN chemicals as references for divalent and trivalent states. The photographs of the as-made and
annealed samples are given in the inset.
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after this called YSiO2N:Eu2+/3+. 

5.3.2. Characterization of Anomalous Deep-Red to NIR Luminescence in 

YSiO2N:Eu2+/3+ 

Because the yellow as-made YSiO2N:Eu2+/3+ sample shows very weak luminescence at room 

temperature under UV excitation, the sample was cooled down to 4 K, resulting in the strong 

deep-red to NIR luminescence with a violet LD excitation (λex = 405 nm). Figure 5.2a shows the 

PL spectra of the YSiO2N:Eu2+/3+ sample at various temperatures (T = 4–300 K). At 4 K, the 

YSiO2N:Eu2+/3+ sample shows a strong and broad luminescence band peaking at 13229 cm−1 (= 

756 nm) by the 405 nm excitation. The full width at half maximum (FWHM) of this band is 

4061 cm−1, which is broader even at 4 K than the typical bandwidth for Eu2+-doped compounds, 

800–3500 cm−1 [10,26]. Compared with many Eu2+-activated (oxy)nitride phosphors [22], such 

as α-Ca-SiAlON:Eu2+ (λem = 585 nm) [35–39], CaAlSiN3:Eu2+ (λem = 650 nm) [1], and 

Sr[LiAl3N4]:Eu2+ (λem = 650 nm) [4], the YSiO2N:Eu2+/3+ sample shows the significant redshifted 

luminescence, unexpected from the host chemical composition of YSiO2N. These spectroscopic 

features suggest that anomalous deep-red to NIR luminescence is not attributed to Eu2+: 5d → 4f 

transition.  

The PL intensity of the YSiO2N:Eu2+/3+ sample decreases monotonously over 4 K. At 200 

K, the PL intensity is less than only 10% of the initial PL intensity at 4 K. Over 200 K, the 

additional luminescence components appear as the anomalous deep-red to NIR luminescence 

band is quenched with temperature. Figure. 5.2b shows the PL spectra enlarged by a factor of 

50 (T = 200–300 K). Here, sharp luminescence bands assigned to the Eu3+ 4f-4f transition are 

observed in the range of 15500–17500 cm−1. In addition, the bandwidth of the broad 

luminescence gets larger, probably due to the additional band in the range of 15000–20000 cm−1 

with a different thermal quenching behavior. In short, the PL spectra of the YSiO2N:Eu2+/3+ 

sample below ambient temperature (T = 4–300 K) indicate that there are at least three 

luminescence components with violet light excitation; (i) strong anomalous deep-red to NIR 

luminescence, (ii) considerably weak visible luminescence, and (iii) Eu3+ luminescence at the Y 
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sites. The thermal quenching behavior is discussed in detail in the following section. 

Figure 5.2c shows the PLE spectra at 4 K with different monitored wavelengths (λem = 500, 

650, and 750 nm) to understand the excitation process for each luminescence component. In 

the PLE spectra (λem = 500 nm) of weak visible luminescence, an excitation plateau is observed 

in the range between 300 and 450 nm. In the PLE spectra of the deep-red to NIR luminescence 

(λem = 650, 750 nm), several excitation bands are observed below 600 nm. The strong excitation 

band in the range of 300–600 nm, especially in the PLE spectrum with λem = 750 nm, is assigned 

to the Eu2+: 5d ← 4f transition because the spectral shape and range are similar to those of the 

Eu2+: 5d ← 4f transition in oxynitrides, such as Ca-α-SiAlON and β-SiAlON [22,36,38,40]. This 

Figure 5.2. (a) PL spectra of the YSiO2N:Eu2+/3+ sample at low temperatures (T = 4–300 K), excited with a violet LD 
(λex = 405 nm). (b) Enlarged PL spectra shown in Figure 5.2a (×50). (c) PLE spectra at 4 K with different monitored 
wavelengths (λem = 470–750 nm). (d) Normalized PLE spectra for the as-made YSiO2N:Eu2+/3+ and annealed 
YSiO2N:Eu3+ samples at 4 K. The Gaussian profiles after deconvolution are shown in overshadowed. (e) PL spectra 
at 4 K with different excitation wavelengths (λex = 250–390 nm). 
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excitation band corresponds to the absorption band observed in the diffuse reflectance spectra 

(Figure 3.5b). Here, no other absorption was observed over 650 nm, suggesting that the Eu2+: 5d 

← 4f transition is the dominant excitation pathway for the anomalous deep-red to NIR 

luminescence. In the diffuse reflectance spectra for the annealed YSiO2N:Eu3+ sample, any 

absorption band was not detected in the visible range over 400 nm because the absorption 

coefficient of Eu3+: 4f-4f forbidden transition is quite low. In the PLE spectra with λem = 650 nm, 

two additional excitation bands peaking at 276 and 315 nm are assigned to the charge transfer 

(CT) transition from coordinating anions (O2− and N3−) to Eu3+ because the Eu3+: 5D0 → 7F3 

luminescence is detectable simultaneously [32]. Considering these CT excitation bands, the PLE 

spectra with λem = 650 nm can be deconvoluted into five Gaussian profiles, two CT and three 

Eu2+: 5d ← 4f bands. Figure 5.2d shows the PLE spectra of the YSiO2N:Eu2+/3+ (as-made) and 

YSiO2N:Eu3+ (annealed) sample with the results of Gaussian fitting. In the monoclinic YSiO2N 

host, there are five crystallographically nonequivalent [YO6N2] dodecahedral sites; one Ci site 

(Wyckoff 4a), one C1 site (Wyckoff 8f), and three C2 sites (Wyckoff 4e) [31]. The 5d excited levels 

of Eu2+ ions incorporated in these sites can be split into five due to the lower site symmetry. 

Besides, the Eu2+ 4f65d1 electronic configuration brings about a more complicated energy level 

structure than the Ce3+ 4f05d1 electronic configuration because of the spin polarization. 

Therefore, the Eu2+: 5d ← 4f excitation band shows the complicated spectral shape with multiple 

Gaussian-shaped components, and it is difficult to reveal the precise number of the Gaussian 

functions to use. However, the purpose of the Gaussian deconvolution is not to calculate the 

precise 5d energies and energy level distributions but to estimate the energy of the lowest 5d 

excited level. In order to reproduce the PLE spectra band with the minimum numbers of the 

Gaussian functions, the Eu2+: 5d ← 4f excitation band was fitted with just three Gaussian 

functions for simplicity. For the YSiO2N:Eu3+ sample, the excitation bands were deconvoluted 

into only two profiles of the CT transition from N3− and O2− to Eu3+ ions. Similarly, the Eu3+ CT 

bands for the YSiO2N:Eu2+/3+ sample were represented by two Gaussian functions with slightly 

broad widths because of the overlap with Eu2+ 5d bands. According to the Gaussian fitting, the 

lowest 5d band for Eu2+ is located at 18906 cm−1 (= 2.34 eV), which provides a large Stokes shift 
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of 5677 cm−1 between the peaks of the luminescence band and the lowest 5d excitation band. 

Considering the typical Stokes shift for Eu2+-activated phosphors of 800–4000 cm−1 [26,41,42], 

the Stokes shift of deep-red to NIR luminescence band for the YSiO2N:Eu2+/3+ sample is 

anomalous. According to Dorenbos, the anomalous luminescence of impurity-trapped exciton 

states in Eu2+-doped materials has the following three features; (1) an abnormally large Stokes 

shift (5000–10000 cm−1) and width (> 4000 cm−1 at ambient temperature) of the emission band, 

(2) an emission wavelength that is not consistent with the wavelength anticipated from the

compositional and structural properties of compounds, and (3) an anomalous decay and

thermal quenching behavior [10,26]. Therefore, The large FWHM (4061 cm−1) and the large

Stokes shift (5677 cm−1) for the YSiO2N:Eu2+/3+ sample suggest that the deep-red to NIR

luminescence observed only in the as-made YSiO2N:Eu2+/3+ sample is related to the Eu2+-trapped

exciton (ETE) state [26].

     Figure 5.2e shows the PL spectra at 4 K with various excitation wavelengths (λex = 250–

390 nm). Under the excitation light below 360 nm, sharp luminescence bands assigned to the 

Eu3+: 4f-4f transition are observed. On the other hand, the deep-red to NIR ETE luminescence 

is observed with the excitation over 310 nm. These results are consistent with the deconvolution 

results of the PLE spectra shown in Figure 5.2d, implying that ETE states and Eu3+ ions are 

excited only through the Eu2+: 5d ← 4f and CT transitions, respectively.  

In order to characterize the two broad luminescence bands in terms of the radiative decay 

rate, the time-resolved PL spectra of the YSiO2N:Eu2+/3+ sample were obtained at different 

temperatures (T = 4, 150, and 300 K). Figures 5.3a–3c and Figures 5.3d–3f show the contour 

plots of the time-resolved PL spectra taken with the streak camera in the different time ranges 

of 0–450 and 0–20 ns, respectively. The projections of each time-resolved PL spectrum are 

plotted as the integrated PL spectrum with different time ranges ∆t (0–450 and 0–20 ns) in 

Figure 5.4. In the range of 0–450 ns, the deep-red luminescence related to the ETE states is 

observed with lifetimes of a few hundreds of nanoseconds. The PL intensity of the ETE band 

severely decreases with temperatures, as shown in the integrated PL spectra with ∆t = 0–450 ns. 

At 300 K, the ETE luminescence is almost quenched, and only a luminescence band with a fast 
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decay is observed. Figures. 5.3d–3f and 5.4 show that this luminescence band has a very short 

lifetime on the order of a few nanoseconds. The band shape and lifetime of this luminescence 

seem not to be affected by temperature. The time-resolved PL spectrum of the non-doped 

YSiO2N sample with the same measurement condition at 4 and 300 K is provided in Figure 5.5, 

showing the PL band with the same decay time, spectral shape, and thermal stability. Therefore, 

it is suggested that the luminescence band independent of doped lanthanoid ions in the range 

of 480–800 nm with a ns-order lifetime is due to intrinsic defects in the YSiO2N host.  

Figure 5.3. Time-resolved PL spectra of the YSiO2N:Eu2+/3+ sample with different time ranges (0–450 and 0–20 ns) 
at different temperatures (T = 4, 150, 300 K). The PL intensities depending on monitored wavelengths were 
calibrated by the spectra with the continuous wave (cw) light source. Two spectra with the same condition were 
combined at 600 nm (shown with broken white lines).  
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Figure 5.4. Integrated time-resolved PL spectra at 4, 150, and 300 K with different integration time ranges ∆t (0–
20 and 0–450 ns). 

Figure 5.5. Time-resolved PL spectra of the non-doped YSiO2N sample at 4 and 300 K. 



Chapter 5. Deep-Red to Near-Infrared Luminescence from Eu2+-Trapped Exciton States in YSiO2N 

149 

5.3.3. Thermal Quenching Behavior of Eu2+-Trapped Exciton and Defects 

Related Luminescence 

The broad luminescence bands observed in the YSiO2N:Eu2+/3+ sample are mainly composed of 

two luminescence centers; Eu2+-trapped exciton (ETE) state and intrinsic defects. The thermal 

quenching behaviors of two luminescence centers were characterized by the analyses of the 

temperature dependence of the PL spectra and luminescence lifetimes. Because two 

luminescence bands severely overlap in the PL spectra at low temperatures (T = 4–300 K), we 

first deconvoluted the PL band at each temperature into two Gaussian profiles to discuss each 

temperature dependence separately. As shown in Figure 5.6a, the spectra were well fitted by two 

Gaussian profiles. All the obtained Gaussian profiles at the temperatures of 4–300 K and the 

FWHM and peak center of each Gaussian profile are plotted in Figure 5.7. The spectral shape 

of the ETE band below 200 K is mostly unchanged with the width of ~3550 cm−1 and the peak 

at ~13100 cm−1. Over 200 K, the FWHM is broadened up to ~4300 cm−1 due to the thermal 

broadening. On the other hand, the luminescence band related to intrinsic defects shows 

different behavior of the large thermal broadening (2050 cm−1 → 3100 cm−1) and the large 

redshift (16600 cm−1 → 18000 cm−1) even below 200 K. This behavior suggests that a variety of 

intrinsic defects, such as ON
 ∙ , NO

 ' , and VN
∙∙∙ , contributes to the weak luminescence in the visible 

Figure 5.6. (a) PL spectra (T = 4, 100, 150, and 300 K) with two Gaussian profiles related to the Eu2+-trapped exciton 
state and intrinsic defects. (b) Temperature dependence of the integrated PL intensities for the Eu2+-related exciton 
and intrinsic defects. (c) Temperature dependence of the peak center and FWHM for the Gaussian profiles of the 
ETE band. 
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region. Figure 5.6b displays the temperature dependence of the integrated PL intensity for two 

kinds of luminescence. Despite the very short lifetime, the PL intensity of intrinsic defects is 

much weaker than that of ETE luminescence, indicating that the number of luminescence 

centers related to intrinsic defects is much smaller than that of the ETE centers. The quenching 

profile of the ETE luminescence cannot be described by the typical quenching curve, possibly 

due to the temperature dependence of the absorption coefficient. 

The temperature-dependent peak center and FWHM of the ETE luminescence band are 

plotted in Figure 5.6c, which shows two different behavior against temperature increase; from 

4 to 150 K, the luminescence wavelength gets redshifted with temperature increasing while the 

bandwidth is almost unchanged; over 150 K, as the temperature increases, the luminescence 

wavelength gets blueshifted by about 1000 cm−1, and the bandwidth gets broader up to ~4300 

cm−1. The blueshift of the ETE luminescence band has been reported in the literature. For the 

ETE luminescence of the CsCaF3:Eu2+, Ba0.3Sr0.7F2:Eu2+, and Sr4Al14O25:Eu2+ phosphors, the 

blueshift of the luminescence band was caused by the emergence of a different luminescence 

band at shorter wavelength side, which is explained by the thermally enhanced change of 

electron population through the crossover of the ETE and Eu2+ 4f65d1 parabolas [44–46]. 

Figure 5.7. (a) Gaussian profiles obtained by fitting of the PL spectra at low temperatures (T = 4–300 K). (b–c) 
Fitting outputs of FWHM and peak center for the Gaussian profiles of Eu2+-trapped exciton and intrinsic defects 
emission. 
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However, the Gaussian-shaped single ETE luminescence band of the YSiO2N:Eu2+/3+ sample 

shifted without any other luminescence band emerging. Although a similar blueshift and 

thermal broadening of the ETE luminescence band was observed in the BaS:Eu2+ phosphor, 

which was reported by Smet et al. (λem = 938 nm at 70 K → λem = 878 nm at 300 K, the energy 

shift was ~730 cm−1), the reason of the spectral shape changing was not discussed in detail [25]. 

The spectral shape of the ETE luminescence band for the YSiO2N:Eu2+/3+ sample can depend on 

the following two factors; 

1. The ETE state is influenced by the temperature dependence of the bandgap. As the

temperature increases, the bandgap becomes narrower because of an increase in the

amplitudes of atomic vibrations. While the electron population on the vibrational levels

of the potential parabolas is unchanged at quite low temperatures, the conduction band

(CB) bottom and ETE state are lowered, resulting in the redshift of the ETE luminescence 

band with almost no change in bandwidth. A similar shift accompanied by the bandgap

shift was observed in the pressure dependence of the ETE luminescence for the

LiBaF3:Eu2+ phosphor [47]. By inducing the pressure, the bandgap became wider, and

the CB bottom and ETE state shifted higher, leading to the blueshifted ETE luminescence.

2. The spectral shapes of the broad luminescence band can be affected by the electron

population on the excited states that obeys the Boltzmann distribution. With the

temperature increasing, the excited electrons are distributed along the potential curve to

the higher vibrational levels coupled with several phonons, resulting in the blueshifted

luminescence band with a broader bandwidth. This temperature dependence is also

observed in the normal Eu2+: 5d → 4f luminescence [48].

At low temperatures, these two factors compete and lead to the abnormal temperature behavior 

of the peak wavelength and bandwidth of the ETE luminescence band for the YSiO2N:Eu2+/3+ 

sample; i.e., at low temperatures below 150 K, the influence of the temperature dependence of 

the bandgap is dominant; on the other hand, over 150 K, the electronic transition from the 

higher vibrational levels causes the thermal broadening and blueshift of the ETE luminescence 

band. 
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From the results of the time-resolved PL spectra and the deconvolution of PL bands, the 

monitoring wavelengths for the decay measurements of the luminescence related to the ETE 

states and intrinsic defects are determined to be 850 and 450 nm, respectively, to avoid the 

overlap of these bands. Figure 5.8a shows the decay curves of the ETE luminescence. Each decay 

curve shows a deviation from the single exponential profile. Thus, all the luminescence decay 

curves were fitted with a second-order exponential function, described below; 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 exp�−𝑡𝑡 𝜏𝜏1� � + 𝐴𝐴2 exp�−𝑡𝑡 𝜏𝜏2� � , (5.1) 

where A1 and A2 are amplitudes for each decay component and τ1 and τ2 are the luminescence 

lifetime at each temperature. The initial part of the ETE luminescence decay curves below 100 

ns was eliminated for the better overall fitting because the influence of excitation pulse or the 

defect-related luminescence is not negligible over 100 K. The fitted profiles are shown in solid 

lines in Figure 5.8a. The average luminescence lifetime at each temperature τave was calculated 

by the following equation; 

𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 = 𝐴𝐴1𝜏𝜏1
2 + 𝐴𝐴2𝜏𝜏2

2

𝐴𝐴1𝜏𝜏1 + 𝐴𝐴2𝜏𝜏2
. (5.2) 

Figure 5.8b shows the luminescence decay curves related to intrinsic defects. They were 

also fitted with a second-order exponential function, and their average lifetimes were estimated. 

For the luminescence decay curves related to intrinsic defects, the instrumental response 

Figure 5.8. (a) Luminescence decay curves at various temperatures (T = 20–300 K) with the monitored wavelengths 
of (a) λem = 850 nm and (b) λem = 450 nm. (c) Temperature dependence of the luminescence lifetimes estimated by 
second-order exponential functions. The solid curves represent the fitting function with the single (orange) and 
double (red) quenching barrier models. 
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function (IRF) was taken into account in the overall fitting. 

Figure 5.8c shows the temperature dependence of the lifetimes of the ETE and intrinsic 

defects luminescence. The decay rate of the luminescence related to intrinsic defects is mostly 

unchanged even at 300 K despite the significant decrease in the PL intensity, which is the same 

as the trend suggested from the time-resolved PL spectra (Figures 5.3d–3f).  

On the other hand, the ETE luminescence lifetime (770 ns at 4 K) shows a monotonous 

decrease over 50 K and reaches a lifetime of 89 ns at 300 K. In order to estimate the activation 

energy for thermal quenching, we performed the profile fitting with the typical single barrier 

quenching model described below; 

𝜏𝜏 = 1

𝛤𝛤𝜈𝜈 + 𝛤𝛤0 exp �−𝐸𝐸a
𝑘𝑘𝑘𝑘� �

. (5.3) 

Here, Γν is the radiative transition rate, Γ0 is the attempt rate of the non-radiative process, Ea is 

the activation energy of thermal quenching, k is the Boltzmann constant (= 8.617 × 10−5 eV K−1), 

and T is temperature. The fitting function with the parameters (Γν = 1.30 × 106 s−1, Γ0 = 4.95 × 

107 s−1, and Ea = 0.0605 eV) is depicted in the solid orange curve in Figure 5.8c, which largely 

deviates from the ETE lifetime plot. The Γ0 for the quenching process, such as thermal ionization 

and thermal activation crossover, usually takes the value with the order of 1010–1012 s−1 [43]. 

However, the estimated Γ0 for the ETE luminescence was quite small, indicating that a simple 

quenching process with a single potential barrier no longer describes the thermal quenching 

behavior of the ETE state in the YSiO2N host. In literature, the thermal quenching of the ETE 

luminescence is discussed by assuming the competition of two quenching processes; from the 

Arrhenius plot, Smet et al. obtained the thermal activation energies of 14 and 190 meV for the 

ETE luminescence of the BaS:Eu2+ phosphor, which correspond to the exciton dissociation and 

thermal ionization, respectively [25]; Mahlik et al. obtained the activation energies of 33 and 

273 meV for the Ba0.5Sr0.5F2:Eu2+ phosphor, related to the tunnelling from the higher vibronic 

levels and thermal activation crossover, respectively [44]. In order to improve the fitting results, 

we applied the double barrier quenching model to the profile fitting, described below; 
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𝜏𝜏 = 1

𝛤𝛤𝜈𝜈 + 𝛤𝛤0I exp�−𝐸𝐸aI
𝑘𝑘𝑘𝑘� � + 𝛤𝛤0II exp �−𝐸𝐸aII

𝑘𝑘𝑘𝑘� �
, (5.4) 

where the Γ0 and Ea for the quenching processes I and II are labeled with the subscripts. The 

profile was well fitted with the parameters of Γν = 1.27 × 106 s−1, Γ0I = 1.16 × 107 s−1, Γ0II = 6.34 × 

1010 s−1, EaI = 0.0394 eV, and EaII = 0.235 eV. Although the Γ0I value is still low, the fitting result 

seems to be good. The low Γ0I value can be derived from the complicated thermal quenching 

pathways for the ETE luminescence, such as the energy transfer to Eu3+ ions or intrinsic defects 

and a slight difference in decay rates of ETE states with the variation of incorporated sites. 

Nevertheless, the fitting results indicate that as least two quenching processes with the activation 

energies of 39.4 and 235 meV can be involved. 

5.3.4. Mechanism of Eu2+-Trapped Exciton Luminescence in YSiO2N Host 

In this section, we discuss the mechanism of the anomalous deep-red to NIR luminescence in 

the YSiO2N:Eu2+/3+ sample with the energy diagrams. The ETE luminescence is strongly 

correlated with the relative energy of the Eu2+: 5d excited levels with respect to the host 

conduction band (CB) [26,45]. Figure 5.9a shows the energy level diagram of the YSiO2N:Eu2+/3+ 

sample, whose y-axis is represented in host referred binding energy (HRBE) [51–55]. The 

bandgap energy Eg at a low temperature was obtained from the host-exciton creation energy Eex 

by adding the exciton binding energy estimated as 0.008(Eex)2 [56,57]. From the PLE spectrum 

of the annealed YSiO2N:Eu3+ sample shown in Figure 6.3, the Eex value for YSiO2N was estimated 

to be 5.87 eV, resulting in the Eg of 6.14 eV. The energy difference between the VB top and Eu2+ 

4f ground level, which corresponds to the CT energy ECT for Eu3+ ions, was determined to be 

3.96 eV from the PLE spectrum of the annealed YSiO2N:Eu3+ sample in Figure 5.2d. These values 

lead to the ionization energy of 2.18 eV, which is the energy gap between the ground level of 

Eu2+(8S7/2) and the CB bottom. Because the lowest 5d excited level is 2.34 eV higher than the 4f 

ground level, all the 5d excited levels are located within the CB. Thus, the 5d excited states are 

easily deactivated because of the strong autoionization through the CB [25], and no 5d → 4f 

luminescence is observed. After the autoionization, the ETE states of Eu3+ + e− can be formed. 
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Although the direct excitation band related to the transition from the 4f to the ETE states in the 

PLE spectra was not observed, the ETE states can be formed below the CB bottom [44]. 

In order to consider the luminescence behavior after structural relaxation in the ground 

and excited states, the configurational coordinate diagram for the YSiO2N:Eu2+/3+ is constructed 

and provided in Figure 5.9b. Here, the R0 and ∆ represent the equilibrium position of a Eu2+ ion 

to ligands and the shift of ligands in the ETE state (i.e., the offset of the ETE parabola). As 

observed in the PLE spectra in Figure 5.2c, the Eu2+ ground state (4f7) is excited to the 5d excited 

states (4f6-5d1), according to the Franc-Condon principle. The absence of the Eu2+: 5d → 4f 

luminescence implies that the Eu2+ 4f6-5d1 parabola buries in the CB. The recent ab initio study 

has revealed that the bond length between a Eu2+ ion and ligands in the Eu2+(4f6-5d1) excited 

states is shorter than that in the Eu2+(4f7) ground states [58,59]. In the 5d excited states, the hole 

generated in the inner 4f shell attracts the ligands stronger, resulting in a short bond length of 

excited states and the negative offset in the configurational coordinate diagram [60]. The 

Figure 5.9. (a) Constructed energy level diagram for Eu2+ ions in the YSiO2N host. The y-axis is converted to the 
host referred binding energy (HRBE). (b) Configurational coordinate diagram representing the energy level 
structure of the Eu2+ ion and Eu2+-trapped exciton states. 
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parabola for the ETE state is located below the CB bottom with the luminescence energy of 1.64 

eV. For the ETE state, the electronic configuration is described to be Eu3+(4f6) + e−, indicating 

that an electron is weakly bound by a Eu3+ ion. The energy of the ETE parabola at R0 is slightly 

smaller than the CB bottom by the binding energy of the exciton. This parabola has a larger 

offset ∆ than the parabola for the Eu2+(4f6-5d1) configuration because the trivalent state brings 

about a stronger Coulomb attraction and a smaller ionic radius than the divalent states [26]. 

Despite the absence of any ETE absorption bands, the excited states relax down along the ETE 

parabola, resulting in the deep-red to NIR luminescence from the ETE states in the 

YSiO2N:Eu2+/3+ sample. The necessary condition for the ETE luminescence is that the Eu2+: 5d 

levels are degenerated with the CB or located just below the CB bottom. As mentioned by 

Dorenbos, the divalent lanthanoid ion incorporated in a trivalent cation site show no 5d → 4f 

luminescence because the Coulomb attraction is small and the 5d level is located above the CB 

bottom [26]. Besides, the trivalent site can stabilize the ETE state with Eu3+(4f6)-e− configuration 

because of the valence state matching. Therefore, the Y3+ sites, which can accommodate Eu2+ 

ions, play an important role in the anomalous deep-red to NIR luminescence in the 

YSiO2N:Eu2+/3+ sample. 

The thermal quenching behavior of the ETE luminescence is discussed by the 

configurational coordinate diagram in Figure 5.9b. According to Smet [25], the thermal 

quenching process of the ETE luminescence is explained by the thermal ionization of the ETE 

state to the CB, which is supported by the blueshifted and broadened ETE band (Figure 5.6c) 

caused by the Boltzmann distribution on the vibrational levels. In the diagram, the energy gap 

between the lowest energy of the ETE state and the CB bottom, which is the ionization energy 

of the ETE state, is relatively small to cause the thermal quenching of the anomalous 

luminescence even below 300 K. The observed activation energy of 235 meV for the 

YSiO2N:Eu2+/3+ sample corresponds to the constructed energy level diagram. Also, it is a typical 

value, such as the activation energy for ETE luminescence of 190 meV in BaS:Eu2+ and of 273 

meV in Ba0.5Sr0.5F2:Eu2+. The double-barrier quenching fitting reveals a quenching pathway with 

a small activation energy of 39.4 meV, which can be related to the exciton binding energy or the 
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thermally activated tunnelling process [25,44]. As mentioned in the previous section, the actual 

energy level diagram should be more complicated due to various defects in the YSiO2N:Eu2+/3+ 

sample, including intrinsic defects, Eu3+ ions, and Eu2+ ions in different sites. These defects can 

act as some quenching center, resulting in the complicated quenching behavior shown in Figures 

5.8c. For the identification of the thermal quenching pathways for the ETE state in the YSiO2N 

host, it is necessary to investigate the luminescence properties of the YSiO2N doped with only 

Eu2+ ions with low concentration. 

5.4. Conclusions 

Photoluminescence properties of the Eu-doped YSiO2N sample at low temperatures were 

investigated in detail. The X-ray absorption spectroscopy revealed that almost half Eu ions in 

the sample were reduced into a divalent state through the high-temperature synthesis under the 

inert atmosphere. The as-made sample, including Eu2+ ions, showed the deep-red to near-

infrared luminescence at low temperatures below 300 K. This luminescence was anomalous in 

terms of the following points; 

 The photoluminescence band took an abnormally large bandwidth (4061 cm−1) and

Stokes shift (5677 cm−1) even at 4 K, not assigned to the typical Eu2+: 5d-4f transition.

 Deep-red to near-infrared luminescence only at low temperatures was observed, which

is not anticipated from the 5d → 4f luminescence of other Eu2+-doped (oxy)nitrides,

despite not such a large N/O ratio.

 The temperature dependence of luminescence lifetime was complicated, which could

not be explained by a simple quenching model.

These features indicated that the anomalous luminescence in the YSiO2N:Eu sample is related 

to the Eu2+-trapped exciton state. The vacuum referred binding energy diagram suggests that the 

typical Eu2+: 5d → 4f luminescence is not observed because all the Eu2+: 5d excited levels 

degenerated with the host conduction band. The configurational coordinate diagram explained 

the anomalous luminescence from the Eu2+-trapped exciton states (Eu3+ + e−) which were located 
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just below the conduction band bottom, by taking the lattice relaxation into account. This study 

provides new insight into the Eu2+-trapped exciton luminescence in Y sites to obtain the deep-

red to near-infrared luminescence, leading to new candidates for near-infrared applications, 

such as lighting, sensing, and bio-imaging devices. 
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Chapter 6  
Time-Resolved and Temperature-Dependent 

Spectroscopy for Blue Luminescence of 

Monoclinic YSiO2N:Ce3+ Phosphor 

Abstract 
The monoclinic YSiO2N activated with Ce3+ ions was synthesized, and its luminescence spectra were 

investigated to reveal the energy level structure of the Ce3+: 5d excited states. Depending on excitation 

wavelengths, two types of photoluminescence bands in violet and blue regions are observed, which differ 

in spectral shapes and thermal quenching behaviors. While one of them can easily be assigned to the 

Ce3+: 5d1 → 2F5/2, 2F7/2 transitions from the major sites, the other shows an anomalously broad weak 

luminescence band for the latter band. The time-resolved spectroscopy shows a luminescence lifetime 

distribution of 33–58 ns in the range of 440–540 nm that is also typical for the Ce3+: 5d1 levels. It is 

suggested that the broad luminescence bands and the distribution of Ce3+ luminescence lifetimes are due 

to various minor Ce3+ centers with slightly different coordination environments probably caused by 

intrinsic or anti-site anion defects. By analyzing the temperature dependence of decay curves for Ce3+: 

5d luminescence, the activation energy for thermal quenching and the quenching temperature are 

estimated to be 0.272 eV and 422 K, respectively. The vacuum-UV spectroscopy found out the five 

separated 5d excitation levels, leading to the estimated centroid energy of 5d levels, 33112 cm−1.  
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6.1. Introduction 

Ce3+ luminescence with the order of nanoseconds lifetime due to the 5d-4f parity allowed 

transition is very attractive, leading to multiple types of applications, such as LED phosphors 

[1,2], persistent phosphors [3,4], scintillators [5–7], and dosimeters [8]. The systematical 

investigation of luminescence properties in the various host compounds has revealed the 

relationship between the transition energies for Ce3+ ions and local environments. Ce3+-doped 

phosphors based on the compounds with only one type of anions, such as oxides, halides, 

nitrides, and sulfides, have been widely investigated. As the field of materials exploration is 

rapidly expanding with improvements in the technologies for synthesis, compositional and 

structural analysis, and computational calculation, more and more researchers are focusing on 

mixed-anion compounds containing multiple kinds of anions in their composition [9]. In 

particular, oxynitrides have been widely studied for phosphor hosts because of their good 

chemical stability due to the covalency of nitrides and their relatively mild synthesis conditions 

[10]. Since Krevel et al. firstly reported the luminescent properties of Ce3+-doped Y-Si-O-N 

materials in 1998 [11], many Ce3+-doped oxynitrides, such as Ca-α-SiAlON:Ce3+ [12], La-Si-O-

N:Ce3+ [13], β-SiAlON:Ce3+ [14], and LaAl(Si6−zAlz)(N10−zOz):Ce3+ [15], have been developed.  

    In this study, we have focused on an oxynitride host, YSiO2N. The photoluminescence 

(PL) and photoluminescence excitation (PLE) spectra of the Ce3+-doped YSiO2N were already 

reported [11,16]. In the literature, under near-UV excitation (λex = ~360 nm), YSiO2N:Ce3+ 

shows blue luminescence in the range of 400–500 nm. In Krevels’s report [11], it was suggested 

that relatively high N3− content among the Y-Si-O-N materials brings about the large crystal field 

splitting and the bridging N3− ions between [SiO2N2] tetrahedra reduces the nephelauxetic effect 

to decrease the centroid shift of Ce3+: 5d levels. Lu et al. characterized the PL and PLE spectra at 

77, 150, 250, and 350 K and discussed the possible thermal quenching route of Ce3+ 

luminescence.  

Recently, we reported the new monoclinic crystal structure of YSiO2N with the space 

group of C2/c through the single-crystal and neutron diffraction techniques [17]. In the 

monoclinic lattice, there are five crystallographically nonequivalent Y3+ sites with oxynitride 
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coordination of [YO6N2]. Although it has been thought that all Y3+ sites have C1 symmetry in 

the previously known structure with the space group of Pm [18], in fact, they have either Ci, C2, 

or C1 symmetry. We discuss the luminescence properties of Ce3+-doped YSiO2N affected by the 

local environments based on the new monoclinic crystal structure. In addition, we characterize 

the crystal field splitting of the Ce3+ 5d levels in YSiO2N by revealing all the 5d excitation bands. 

6.2. Experimental Details 

6.2.1. Preparation of Sample 

A Ce3+-doped yttrium silicon oxynitride sample with the composition of Y0.995SiO2N:Ce3+
0.005 was 

prepared with the solid-state reaction method. The starting chemicals of Y2O3 (99.9%, Mitsuwa 

Chemical), SiO2 (99.9%, Kojundo Chemical Laboratory), Si3N4 (99.9%, Kojundo Chemical 

Laboratory), and CeO2 (99.99%, Furuuchi Chemical) were weighed in the glovebox filled with 

high-purity argon gas and mixed homogeneously in ethanol for an hour with the ball milling 

technique (Premium Line P-7, Fritsch). The obtained sully was dried at 120 °C for 24 h, formed 

into a pellet with a 20 mm diameter by pressing. The sample pellet was put between the BN 

pellets and laid in an alumina crucible. This crucible was put into another larger alumina 

crucible with carbon powder, and then the samples were sintered at 1600 °C for 24 h under 

nitrogen gas flow. The crystalline phase of the prepared sample was identified by the X-ray 

diffraction (XRD) with a diffractometer (Rigaku, Ultima IV). As a reference, the simulated 

diffraction pattern of the monoclinic YSiO2N was described with the VESTA program [17,19]. 

6.2.2. Characterization 

Photoluminescence excitation (PLE) spectra at 4 and 300 K were measured by monochromatic 

excitation light with a 500 W Xe short arc lamp (OPM2-502XQ, Ushio Inc.) equipped with a 

double monochromator system by two monochromators (SP-300i, Acton Research Corp.), 

detected by using a photomultiplier tube (PMT) detector (R10699, Hamamatsu Photonics) 

coupled with a monochromator (SP-2300i, Princeton Instruments). The obtained PLE spectra 

were calibrated by the spectrum of the Xe lamp (light source) detected by a calibrated Si 
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photodiode (S1337-1010BQ, Bunkoukeiki Co., Ltd.). For photoluminescence (PL) 

measurements at various temperatures (T = 4, 80–600 K), the sample was excited by the 

monochromatic excitation light of the Xe lamp, and luminescence was detected with a CCD 

spectrometer (QE65Pro, Ocean Optics) connected with an optical fiber. The obtained PL spectra 

were calibrated by the spectrum of a deuterium-tungsten halogen light source (DH-2000, Ocean 

Optics). The sample temperatures were controlled by a cryostat with a closed-cycle He gas 

cryogenic refrigerator (CRT-A020-SE00, Ulvac Cryogenics) or a liquid nitrogen cryostat (VPF-

800, Janis) at 4 K and 80–600 K.  

The UV-VUV PLE spectra of the sample were collected under liquid helium cooling (10 

K) at beamline BL3B of the UVSOR facility in the Institute for Molecular Science [20], with a

PMT detector (R928, Hamamatsu Photonics) coupled with a monochromator (SP-2300i,

Princeton Instruments).

The time-resolved PL spectrum and luminescence decay curves at various temperatures 

(T = 20–600 K) were measured by a luminescence lifetime spectrometer (Quantaurus-Tau, 

Hamamatsu Photonics), using a time-correlated single-photon counting (TCSPC) method 

under excitation with 340 and 280 nm pico-seconds LEDs. The sample temperature was 

controlled by a closed-cycle He cryostat (T = 20 K, Mini Stat CRT-006-2600, Iwatani) or a liquid 

nitrogen cryostat (T = 100–600 K, Helitran LT3, Advanced Research Systems).  

6.3. Results 

6.3.1. PL and PLE Spectra 

The prepared YSiO2N:Ce3+ sample shows intense blue luminescence with near-UV excitation at 

room temperature and low temperatures. Figure 6.1a shows the normalized PL spectra of the 

YSiO2N:Ce3+ sample at 4 K with different excitation wavelengths (λex = 250–350 nm). The whole 

spectral shape of PL bands for the YSiO2N:Ce3+ sample gradually changes with excitation 

wavelengths. The spectra seem to be composed of two luminescence centers; one is the split PL 

bands peaking at 400 and 427 nm in the range of 390–500 nm (PL-I), and the other is the 
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anomalously broad PL band peaking at 434 nm and extends to ~700 nm (PL-II). 

    Under 350 nm excitation light illumination, the split PL-I bands are mainly observed, 

showing a similar PL spectrum of Ce3+-doped YSiO2N in literature [11,16]. As mentioned by 

Krevel et al. [11], these two luminescence bands are assigned to the Ce3+: 5d → 2F5/2 (400 nm, 

25000 cm−1) and 2F7/2 (427 nm, 23419 cm−1) transitions in the YSiO2N host.  

    As the excitation wavelength is changed from 350 to 250 nm, an additional PL-II band 

appears on the long-wavelength side of the PL-I bands. The PL-II band is dominant remarkably 

in the PL spectrum with 300 nm excitation, which has no splitting even at 4 K and whose tail 

reaches ~700 nm. The full width at half maximum (FWHM) of the PL-II band with λex = 300 

nm is ~6200 cm−1. The maximum intensity of the PL-II band with 300 nm excitation is smaller 

than that of the PL-I bands, suggesting that the PL-II band can be originated from a given minor 

luminescence center. 

    Figures 6.1b and 6.1c show the temperature dependence of PL spectra of the YSiO2N:Ce3+ 

sample with different excitation (λex = 360 and 290 nm). Two luminescence centers bringing 

about PL-I and PL-II exhibit different behavior with respect to temperature. For the PL-I band 

shown in Figure 6.1b, the relative intensity ratio of the two luminescence bands attributed to the 

Ce3+: 5d1 → 4f (2F5/2 and 2F7/2) transition is mostly unchanged up to ~300 K, while the bands unite 

Figure 6.1. (a) Normalized PL spectra of the YSiO2N:Ce3+ sample at 4 K with different excitation wavelengths (λex 
= 250–350 nm). (b),(c) PL spectra of the YSiO2N:Ce3+ sample at various temperatures (T = 80–600 K) with 360 and 
290 nm excitation. 
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into one because of the thermally induced broadening over ~300 K. The centroid of the PL-I 

bands is almost constant at 430–434 nm. On the other hand, the centroid of the PL band by 290 

nm excitation gets largely blue-shifted from 473 to 444 nm.  

Figure 6.2a shows the PLE spectra at 4 and 300 K, monitored with different luminescence 

bands (430 nm for PL-I and 520 nm for PL-II). The PLE spectra of the PL-I and PL-II are largely 

different. In the PLE spectrum of PL-I at 4 K, the PLE bands are observed at around 27500, 

28500, 30000, 32000, 34000, and 39000 cm−1. The PLE spectrum of PL-II shows main bands at 

32000 and 34000 cm−1. The PLE bands at around 27500, 28500, 30000, and 39000 cm−1, which 

are observed only in the PLE spectrum monitored with 430 nm, can be assigned to the transition 

of the luminescence center showing PL-I. The difference between the PLE spectra with λem = 

430 and 520 nm indicates that the excitation bands for the PL-II are located at around 32000 

and 34000 cm−1. In the PLE spectrum at 300 K monitored with 430 nm luminescence, the PLE 

bands correlated with the PL-II at around 32000 and 34000 cm−1 become weaker, supporting the 

assignment of the 5d excitation bands related to the PL-I. 

    With the PLE measurement setup with a Xe lamp, one cannot obtain reliable excitation 

spectra below ~250 nm because of the poor emission of the Xe arc lamp. In order to discuss the 

Figure 6.2. (a) PLE spectra of the YSiO2N:Ce3+ sample at 4 and 300 K, monitored with Ce3+ luminescence at 430 
and 520 nm. (b) UV-VUV PLE spectrum of the YSiO2N:Ce3+ sample at 10 K, which is deconvoluted with multiple 
Gaussian functions (overshadowed).  
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PLE spectra in the deep-UV to VUV region below 250 nm in detail, the UV-VUV PLE spectrum 

at 10 K was obtained and shown in Figure 6.2b. Compared with the PLE spectra shown in Figure 

6.2a, an additional excitation band is observed at 47328 cm−1 (= 211 nm). This band is also 

observed in the PLE spectra of the Eu3+-doped YSiO2N sample (Figure 6.3), suggesting that it is 

assigned to the absorption for the host exciton creation. The Gaussian fitting of the UV-VUV 

PLE spectra is discussed in section 6.4.2. 

6.3.2. Time-Resolved PL Spectra and Luminescence Decay Curves 

The luminescence decay curves and lifetimes of the YSiO2N:Ce3+ sample were investigated to 

characterize the PL-I and PL-II centers. Figure 6.4a shows the time-resolved PL spectrum of 

the sample at 20 K. The dominant broad luminescence band with a few tens of nanoseconds 

lifetime is observed in the contour plot. In the top panel of Figure 6.4a, the normalized 

integrated PL spectra with different integration time ranges ∆t are shown. The PL spectrum with 

fast decay (∆t = 5–50 ns) exhibits a similar spectral shape with the PL spectrum with 360 nm 

excitation. Two peaks related to the terminal 2FJ (J = 2/5 and 7/2) levels are distinctly observed. 

On the other hand, the luminescence bands with slow decay time are getting dominant in the 

spectra with the long delay-time (∆t = 150–200 and 250–300 ns), resulting in the same spectral 

shape as the PL-II bands with 300 nm excitation.  

Figure 6.3. UV-VUV PLE spectrum of the YSiO2N:Eu3+ sample at 10 K. The broad excitation band was 
deconvoluted into two Gaussian profiles, assigned to the charge transfer transition from N3− and O2− to Eu3+ ions. 
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In the right panel of Figure 6.4a, the luminescence decay curves at 20 K with different 

monitored wavelengths (λem = 400–600 nm) are shown. Although all the decay curves show a 

single-exponential profile, their slope decreases gradually as the monitoring wavelength moves 

to the longer side. In order to estimate the luminescence lifetimes, all the decay curves are fitted 

with a single-exponential function. The obtained lifetimes are plotted in Figure 6.4b as a 

function of the monitoring wavelengths (λem = 400–650 nm). The luminescence lifetimes in the 

range of 350–400 and 650–750 nm could not be estimated with a relatively small error because 

the maximum PL intensities of the decay curves were below 500 counts. The decay curves in 

wavelength ranges of 400–650 nm are well fitted with small RMS errors. This lifetime plot can 

be divided into three parts in terms of luminescence lifetimes; (i) the first flat part with lifetimes 

of ~32 ns in 400–440 nm, (ii) the luminescence lifetime increasing from 33 to 56 ns in 440–540 

nm, and (iii) the second flat part with lifetimes of 56−58 ns over 540 nm. The luminescence 

lifetimes in the range (i) of 32–33 ns are typical values for Ce3+ 5d1 → 4f luminescence. In the 

range (ii), the luminescence lifetimes increase linearly up to ~56 ns, even though they still show 

a first-order exponential profile. The lifetime distribution in the range (ii) suggests that the PL-

Figure 6.4. (a) Contour plot for time-resolved PL spectrum of the YSiO2N:Ce3+ sample at 20 K in the region of 
350–750 nm. (Right panel) Luminescence decay curves monitored by different wavelengths (λem = 400–600 nm). 
(Top panel) Normalized integrated PL spectra with different integration time ranges. (b) Luminescence lifetimes at 
20 K as a function of monitored wavelengths (λem = 400–650 nm). The maximum PL intensity of each decay curve 
is represented with a color map. 
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II band is composed of multiple luminescence centers with various decay rates. The 

luminescence lifetime finally reaches 56–58 ns and becomes unchanged in the range (iii), 

indicating that the luminescence band with the lowest energy is located at ~540 nm.  

Figure 6.5a shows the decay curves of PL-I at various temperatures (T = 100–600 K, λem 

= 430 nm). The slope of the decay curve is almost unchanged below 300 K, and the decay rate 

increases with a temperature above 300 K. The decay profiles are not represented by the first-

order exponential function, particularly for those above 400 K. All the luminescence decay 

curves are fitted with a second-order exponential function, described below; 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 exp�−𝑡𝑡 𝜏𝜏1� � + 𝐴𝐴2 exp�−𝑡𝑡 𝜏𝜏2� � , (6.1) 

where A1 and A2 are amplitudes for each decay component and τ1 and τ2 are the luminescence 

lifetime at each temperature. The instrumental response function (IRF) was taken into account 

for each fitting. The average luminescence lifetime of the 5d1 excited state at each temperature 

τave was calculated by the following equation; 

𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 = 𝐴𝐴1𝜏𝜏1
2 + 𝐴𝐴2𝜏𝜏2

2

𝐴𝐴1𝜏𝜏1 + 𝐴𝐴2𝜏𝜏2
. (6.2) 

The average lifetime at each temperature (T = 100–600 K) is plotted against temperature 

Figure 6.5. (a) Luminescence decay curves of the Ce3+ luminescence at various temperatures (T = 100–600 K), 
monitored with 430 nm. (b) Temperature dependence of luminescence lifetimes estimated by a second-order 
exponential function. The plots are fitted by the single barrier quenching model, described by eq. (3). 
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and shown in Figure 6.5b. The lifetime of the PL-I shows the typical temperature dependence, 

fitted with the single barrier quenching model described in the following equation;  

𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 = 1

𝛤𝛤𝜈𝜈 + 𝛤𝛤0exp�−𝐸𝐸𝑎𝑎
𝑘𝑘𝑘𝑘� �

, (6.3) 

where Γν is the radiative transition rate, Γ0 is the attempt rate of the nonradiative process, Ea is 

the activation energy of thermal quenching, k is the Boltzmann constant (= 0.695 cm−1·K−1), and 

T is temperature. The quenching curve was well fitted with Γν = 3.06 × 107 s−1 and Γ0 = 5.46 × 

1010 s−1. The activation energy Ea and the quenching temperature T50%, at which the lifetime is 

half of the initial one, were estimated to be 0.272 eV and 422 K, respectively.  

The temperature dependence of the decay curves for the PL-II is displayed in Figure 6.6. 

The PL-II center shows a decrease in the decay rate even at 100 K. The slope of the decay curves 

over 300 K is no longer described by a second-order exponential function, suggesting that 

multiple luminescence centers with various luminescence energies and thermal activation 

energies are related to the PL-II band. Because of the complicated decay profiles, the lifetimes of 

the PL-II were not estimated.  

Figure 6.6. Luminescence decay curves of the Ce3+ luminescence at various temperatures (T = 100–600 K), 
monitored with 550 nm. 
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6.4. Discussion 

6.4.1. Identification of PL-I and PL-II Centers 

As we mentioned in the results section, the luminescence bands peaking at 400 and 427 nm are 

assigned to the Ce3+: 5d → 4f (2F5/2 and 2F7/2) luminescence in the YSiO2N host. However, in the 

PL spectra of the YSiO2N:Ce3+ sample, there are two unclear points; (1) the origin of the broad 

PL-II band and (2) the difference in Ce3+ luminescence at the nonequivalent Y3+ sites. In this 

section, we discuss and identify the PL-I and PL-II centers in the YSiO2N:Ce3+ sample. 

    First, we consider the origin of the PL-II from the PL spectra (Figure 6.1) and time-

resolved PL spectrum (Figure 6.4). One possible assignment of the PL-II band is the Ce3+ 

luminescence at Y3+ sites with different site symmetry. In the monoclinic lattice of YSiO2N, there 

are five nonequivalent Y3+ sites with C1 (Wyckoff 8f), C2 (Wyckoff 4e), and Ci (Wyckoff 4a) 

symmetry stemming from the difference in N–Y–N bond angles [17]. Ce3+ ions at different Y3+ 

sites can show various PL spectra depending on the crystal field strength. However, because all 

the Y3+ sites have a similar local environment consisting of a [Y3+O6N2] dodecahedron, it is less 

likely to result in the weak, broad, and redshifted PL-II band without the 2FJ (J = 5/2 and 7/2) 

splitting. Thus, a different luminescence center can be generated in the YSiO2N matrix other 

than Ce3+ ions showing typical 5d → 4f luminescence in [Y3+O6N2] dodecahedra. 

    Luminescence lifetime can provide an important clue for the identification of 

luminescence centers. The time-resolved PL spectrum of the non-doped YSiO2N sample at 300 

K is shown in chapter 5. A broad luminescence band peaking at around 560 nm is observed, 

whose lifetime is estimated to be 3.61 ns. The time-resolved PL spectrum of the YSiO2N:Ce3+ 

sample at 20 K reveals that the PL-II lifetime takes various values of 33–58 ns for different 

monitored wavelengths, which is quite long for the luminescence related to some intrinsic 

defects as observed in the non-doped sample. These observed lifetimes are in the typical values 

of the Ce3+: 5d → 4f luminescence (17–65 ns) in a variety of inorganic host compounds, 

depending on the local structure, wavelength, or refractive index [21,22]. Considering the 

luminescence lifetimes below 60 ns in the range of 440–650 nm, the PL-II band can be assigned 

to the Ce3+: 5d → 4f transition as well as the PL-I. As mentioned above, the PL-II band cannot be 
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assigned to the Ce3+ luminescence in [Y3+O6N2] dodecahedra because of the weak PL intensity 

and anomalous spectral shape without splitting even at 4 K. Thus, it is suggested that Ce3+ ions 

related to the PL-II are incorporated in some minor sites that are not the major [Y3+O6N2] 

dodecahedra. The XRD pattern of the sample shows no peak of an impurity phase or no halo of 

an amorphous phase. One possible minor site is a dodecahedron with defects. The crystal 

structure analysis with neutron diffraction for the non-doped YSiO2N indicated that the anion 

anti-site defects ON
 ⋅  and NO

 ′  are generated through the sintering process under the reduction 

atmosphere [17]. In the monoclinic lattice of YSiO2N, O2− and N3− ions are arranged at six and 

three different sites, respectively; that is, disordered intrinsic defects or anion anti-site defects 

forming a [Ce3+O6N□], [Ce3+O5□N2], [Ce3+O7N], or [Ce3+O5N3] dodecahedron can provide a 

variety of ligand fields, resulting in the very broad luminescence band and lifetime distribution 

of PL-II.  

Considering that the PL-II is caused not by [Ce3+O6N2] dodecahedron with different site-

symmetry but by minor Ce dodecahedra with some defects, the Ce3+ ions at any [Y3+O6N2] 

dodecahedra show similar luminescence properties, including the spectral shapes and the 

luminescence lifetimes, despite different site-symmetry, resulting in the PL-I bands. The 

luminescence bands of the Ce3+ ions incorporated in the various Y3+ sites with C1, C2, and Ci 

symmetry severely overlap in the PL spectra shown in Figure 6.1a. In the monoclinic YSiO2N, 

the C1, C2, and Ci sites have similar bond lengths and the same anion composition (six O2− and 

two N3− ions), possibly leading to the similar crystal field splitting of Ce3+: 5d levels. Therefore, 

the Ce3+ ions in the different Y3+ sites are unidentified, and the PL-I properties can be regarded 

as the average of the [Ce3+O6N2] centers, regardless of the site-symmetry of dodecahedra.  

6.4.2. Characterization of 5d → 4f Luminescence of [Ce3+O6N2] Dodecahedra 

Based on the assignment of the excitation bands mentioned above, the UV-VUV PLE spectrum 

(Figure 6.2b) was deconvoluted into nine Gaussian profiled, including five 5d bands for the 

major [Ce3+O6N2] center, three bands for Ce3+ ions in minor sites with anion defects, and a host 

exciton band. While the major Ce3+ ions related to the PL-I show the distinct structure of the 5d 

levels, the structure of the excited states for the minor Ce3+ ions is ambiguous due to the complex 
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site variation caused by nonstoichiometric defects. The Ce3+: 5d excitation bands were 

successfully resolved into five PLE bands with the same width of 1691 cm−1, peaking at 26985, 

28754, 30335, 38835, and 40651 cm−1 (= 3.346, 3.565, 3.761, 4.815, and 5.040 eV). The crystal 

field splitting of the YSiO2N:Ce3+ was calculated to be 13666 cm−1 (= 1.694 eV) from these 5d 

energy levels, which is a typical value for the eight-fold coordination [23,24]. From the mean 

value of these 5d excited levels, the centroid energy was calculated to be 33112 cm−1 (= 4.11 eV). 

In the previous study, Krevel et al. estimated the Ce3+ centroid energy in YSiO2N of 38000–40000 

cm−1 with a non-experimental assumption based on the site symmetry [11]. However, all the Y3+ 

had been considered to take C1 symmetry because they assumed a different crystal structure of 

YSiO2N (space group: Pm), leading to a large Ce3+: 5d centroid energy. On the other hand, 

Dorenbos calculated the Ce3+: 5d centroid energy in the LaSiO2N host of 32900 cm−1 (= 4.08 eV) 

from the experimentally obtained PLE spectrum [25,26]. Considering these experimental facts, 

the estimated Ce3+ centroid energy of 33112 cm−1 is reasonable. The Ce3+: 5d centroid shift is 

affected by the nephelauxetic effect depending on ligand species [27]. One can expect small 

centroid energy in a covalent host, such as nitrides, sulfides, and selenides [26]. Considering the 

centroid energy of 6.35 eV in free ion state, the centroid shift εc of the YSiO2N:Ce3+ sample is 

estimated to be 2.24 eV, which is roughly in the middle between the εc values of oxides (0.876–

2.589 eV) and nitrides (2.26–3.42 eV) [26,28,29]. Despite N3− coordination, the εc of the 

YSiO2N:Ce3+ is smaller than that of Ce3+-doped nitrides because of the partial coordination of 

O2− ions and the covalent bonding between N3− and Si4+ ions. In particular, N3− ions are bridging 

between the [SiO2N2] tetrahedra, forming the [Si3O6N3] ring units. The electrons of N3− ions are 

mainly localized on the six-membered ring of the [Si3O6N3] unit. As a result, the contribution 

of covalent N3− ions to a Ce3+ ion can weaken, leading to the εc value of 2.24 eV that is the middle 

of oxides and nitrides.  
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6.5. Conclusions 

Luminescence properties of Ce3+ ions in the monoclinic YSiO2N host were investigated at the 

wide temperature range of 4–600 K. The photoluminescence spectra showed the minor 

luminescence component besides the typical Ce3+ luminescence, depending on excitation 

wavelengths. The time-resolved spectroscopy revealed that the minor luminescence center took 

the distribution of luminescence lifetime of 34–58 ns, which is typical for Ce3+: 5d → 4f transition. 

The results suggested that the minor luminescence was assigned to the Ce3+ luminescence in 

some Y3+ sites with intrinsic anion defects. By taking the contribution of this minor Ce3+ 

luminescence into account, Ce3+ luminescence in the [YO6N2] dodecahedra was characterized. 

Despite the site-symmetry, Ce3+ ions in the five nonequivalent Y sites showed almost the same 

properties and were not identified due to the structural similarity of the [YO6N2] dodecahedra. 

The temperature dependence of luminescence lifetimes provided the activation energy for 

thermal quenching of 0.272 eV. All the 5d ← 4f excitation bands of Ce3+ ions in the [YO6N2] 

dodecahedra were observed with the vacuum-UV spectroscopy, leading to the crystal field 

splitting of 13666 cm−1 and centroid energy of 33112 cm−1. 
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Chapter 7  
Blue Persistent Phosphor of YSiO2N:Ce3+ 

Developed by Co-doping Sm3+ or Tm3+ Ions and 

Thermoluminescence Analysis of Their Trap 

Distributions 

Abstract 
By estimating the trap depth from the relative position of the zigzag curve of divalent lanthanoid ions 

and conduction band bottom, the YSiO2N:Ce3+-based blue persistent phosphors are developed, and their 

persistent luminescence and thermoluminescence properties are characterized to identify the electron 

trap distributions. Taking the nephelauxetic effect caused by covalent nitrogen into account for the 

vacuum referred binding energy diagram, it is predicted that Tm3+ and Sm3+ ions with the trap depth of 

0.726 and 1.04 eV are an optimal co-dopant to obtain Ce3+ persistent luminescence. The prepared 

YSiO2N:Ce3+-Ln3+ (Ln = Sm or Tm) samples enhance the Ce3+: 5d → 4f blue persistent luminescence 

intensity. In the thermoluminescence glow curves, the Ce3+ singly-doped sample shows two glow peaks 

related to intrinsic defects; on the other hand, the Ln3+ co-doped samples show an additional glow peak 

related to the Ln3+-traps. The thermoluminescence glow curve analyses through the initial rise method 

combined with the thermal cleaning and trap density methods reveal that the electron traps of Ln3+-

related defects have a distribution with ~0.25 eV width and depths of 0.802 eV (Tm3+) and 1.10 eV (Sm3+). 
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7.1. Introduction 

Persistent phosphors are unique luminescent materials, which show long-lasting luminescence 

after ceasing excitation light illumination. They have been applied to luminous paints for the 

face of watches and safety signs from several decades ago [1]. Recently, researchers have 

recognized potentials for various applications, such as bio-imaging [2–5], and reducing 

flickering in AC-driven LEDs [6–8], leading to the expanded research field of persistent 

phosphors [8]. A representative example of persistent phosphors is SrAl2O4:Eu2+-Dy3+ [9] or 

Y3Al2Ga3O12:Ce3+-Cr3+ [10,11], which show persistent luminescence (PersL) with more than ten 

hours duration. These persistent phosphors are characterized by very high luminance (unit: mcd 

m−2) because of their luminescence at the green region, which is very sensitive to the cone cell 

of human eyes [1]. On the other hand, the blue persistent phosphor, such as CaAl2O4:Eu2+-Nd3+ 

[9], is suitable for the rod cell of human eyes, which mainly works after adoption to a dark 

environment. In terms of the luminescence efficiency, Ce3+ ions are very attractive because of 

their parity allowed 5d → 4f transition with a high radiative rate. However, many Ce3+-activated 

oxide (persistent) phosphors show near-UV to blue luminescence unless the Ce3+ ions are 

incorporated in a strong crystal field, namely in the garnet-type structure, resulting in 

luminescence with low luminance. In order to obtain the practical Ce3+-activated persistent 

phosphors, the redshift of Ce3+ luminescence bands is required through ligand field engineering 

related to ligand species and the shape of coordination polyhedra. The oxynitride coordination 

can form a promising ligand field to bring the redshift of Ce3+: 5d → 4f luminescence because of 

two features below; (1) a large centroid shift caused by the large nephelauxetic effect due to 

covalent nitrogen, and (2) a large crystal field splitting derived from a distortion induced by 

mixed-anion coordination with O2− and N3− ions. Although the Ce3+ luminescence in oxynitride 

hosts has been reported in the literature [12–15], there is no report about Ce3+-activated 

persistent phosphor with oxynitride composition as far as we know. In contrast, one can find a 

variety of Eu2+-activated persistent phosphors in literature [16]. 

The PersL in the Ce3+-activated phosphors takes place through the electron trapping-

detrapping scheme [1]. For Ce3+-activated phosphors, upon being excited through the 5d ← 4f 
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transition, the holes are localized on the Ce3+ 4f level with the formal valence change, Ce3+ → 

Ce4+ + e−, because the hole-capturing state Ce4+ is relatively stable. The excited electrons are 

captured simultaneously with proper trapping levels related to impurities. The trapped electrons 

are released by thermal energy via the host conduction band (CB) to the hole-trapped Ce3+ (i.e., 

Ce4+) at a rate on the order of minutes to hours. This electron detrapping process is the rate-

determining step, leading to Ce3+: 5d → 4f PersL. The duration of PersL depends on the electron 

trap depth, an energy gap between the CB bottom and the trapping levels. Therefore, in order to 

develop a persistent phosphor with a long duration, it is necessary to schematically investigate 

the relationship between the CB bottom and energy levels for impurity lanthanoid ions. One can 

predict the proper co-dopant lanthanoid species by applying the semi-empirical model 

proposed by Dorenbos [17–20]. The vacuum referred binding energy (VRBE) diagram, 

constructed by the spectroscopic parameters, reveals the relative positions of the CB bottom, 

valence band (VB) top, and 4f ground levels of divalent and trivalent lanthanoid ions. By 

applying this VRBE diagram, some persistent phosphors, such as Ca3Si2O7:Eu2+-Ln3+ (Ln = Sm 

or Tm) [21], LiRE(Si,Ge)O4:Ln3+-Tm3+ (RE = Y, Lu / Ln = Ce, Pr, Tb) [22], and Gd3Ga5O12:Pr3+-

Tb3+-Eu3+ [23], have been successfully developed, and their PersL properties have been 

characterized.  

In this study, we have focused on an oxynitride YSiO2N with a monoclinic lattice for the 

host compound of a Ce3+ persistent phosphor. In fact, Ce3+-doped YSiO2N shows blue 

luminescence peaking at 400 and 427 nm, whose redshift is not so large and is not the best 

material in terms of luminance, but it is suitable for the dark-adapted eyes [12,24]. However, 

there are only a few examples of persistent phosphor designs based on the VRBE diagram for 

oxynitrides [25–28]. In addition, recently, Dorenbos reported a composition dependence on the 

Ln2+ and Ln3+ ground levels and argued that the nephelauxetic effect, depending on the 

polarizability of the coordinating anion species, has to be taken into account in the Ln2+/Ln3+ 

zigzag curves [29,30]. Therefore, the VRBE diagram for covalent materials, including 

oxynitrides, should be investigated in terms of the correlation between the trap depths estimated 

from the VRBE diagram and the experimental results. We predict the optimal electron trap 
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centers Ln3+ for Ce3+ PersL in YSiO2N from the VRBE diagram constructed by the spectroscopic 

data and investigate the electron trap distributions in the host bandgap through the 

characterization of Ce3+ PersL and thermoluminescence (TL). The electron trap depths and trap 

densities are estimated experimentally by the TL glow curve analyses with the combination of 

the thermal cleaning (TC) and initial rise methods (IRM) [31]. 

7.2. Experimental Section 

7.2.1. Materials and Synthesis Procedures 

A series of yttrium silicon oxynitride samples with the composition of Y0.995SiO2N:Ce3+
0.005, and 

Y0.994SiO2N:Ce3+
0.005-Ln3+

0.001 (Ln = Sm or Tm), were prepared by the solid-state reaction method. 

Hereinafter, each sample is denoted as YSiO2N:Ce3+, and YSiO2N:Ce3+-Ln3+, respectively. The 

starting chemicals of Y2O3 (99.9%, Kojundo Chemical Laboratory), SiO2 (99.9%, Kojundo 

Chemical Laboratory), Si3N4 (99.9%, Kojundo Chemical Laboratory), CeO2 (99.99%, Furuuchi 

Chemicals), Sm2O3 (99.9%, Mitsuwa Chemicals), and Tm2O3 (99.9%, Mitsuwa Chemicals) were 

weighed in the glove box filled with high-purity argon gas and mixed homogeneously in ethanol 

for one hour with the ball milling technique (Premium Line P-7, Fritsch). The mixture was dried 

at 120 °C for 24 h, formed into a pellet with a 20 mm diameter by pressing. The sample pellets 

were put between the BN pellets and laid in an alumina crucible. This crucible was put into 

another larger alumina crucible with carbon powder, and then the samples were sintered at 

1600 °C for 24 h under nitrogen gas flow. The crystalline phase of the prepared samples was 

identified by the X-ray diffraction (XRD) with a diffractometer (Rigaku, Ultima IV). The XRD 

patterns are shown in Figure 7.1. As a reference, the simulated diffraction pattern of the 

monoclinic YSiO2N was described with the VESTA program [32,33]. 
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7.2.2. Characterization 

For the photoluminescence (PL) and PersL measurements at room temperature, the samples 

were excited by a 325 nm He-Cd laser (IK3452R-F, Kinmon Koha), and the luminescence of 

the samples was detected with a CCD spectrometer (QE65Pro, Ocean Optics) connected with 

an optical fiber. In the case of PersL measurements, the signal was obtained 10 s after the 

excitation illumination ceased for 10 s. The obtained spectra were calibrated by the spectrum of 

a calibrated deuterium-tungsten halogen light source (DH-2000, Ocean Optics). The PersL 

decay curves of the samples were obtained at room temperature with a photomultiplier tube 

(PMT) detector (R11041, Hamamatsu Photonics), after being excited for 10 min by the 300 W 

Xe lamp (MAX-302, Asahi Spectra) with a UV mirror module (λ = 250–380 nm). To convert 

PersL intensity to luminance (unit; mcd m−2), the PersL spectra of the samples 30 seconds after 

the excitation illumination ceased were detected a calibrated CCD spectrometer (GlacierX 

BTC112E, B&W Tek). The TL glow curves of the samples were measured, following the 

procedure below. The sample was set in a liquid nitrogen cryostat (Helitran LT3, Advanced 

Figure 7.1. XRD patterns of the prepared samples with the reference data of monoclinic YSiO2N. 
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Research Systems) to control its temperatures (T = 100–600 K) and first illuminated with UV 

light from the Xe lamp (MAX-302) at 100 K for 10 min, then heated 10 min after the UV 

illumination ceased up to 600 K with a rate of 10 K min−1. The sample signal was simultaneously 

detected with the PMT detector (R11041) and the CCD spectrometer (QE65Pro). For TL glow 

curve analyses with the initial rise method (IRM), the TL measurement was combined with the 

thermal cleaning (TC) method [31]. First, the sample was exposed to UV excitation light for 10 

min at 100 K. 10 min after the excitation light illumination, the sample was heated up to 

arbitrary temperature (TC temperature) with a rate of 10 K min−1. Keeping the sample 

temperature at the TC temperature for 10 min, the sample was cooled down to 100 K again and 

then immediately heated up to 600 K with a rate of 100 K while detecting the TL signal with the 

PMT detector. The TC temperature range for the YSiO2N:Ce3+, YSiO2N:Ce3+-Sm3+, and 

YSiO2N:Ce3+-Tm3+ samples were 100–380 K, 200–410 K, and 150–400 K in 10 K increments, 

respectively. 

7.3. Results and Discussion 

7.3.1. Prediction of the Optimal Electron-Trap Centers for Ce3+ Luminescence 

in YSiO2N 

In order to design the persistence for Ce3+ by choosing a suitable electron trap, we constructed 

the VRBE diagram for YSiO2N with the spectroscopic data (Figure 7.2) [19,29,30,34]. Here, the 

vertical axis is the binding energy based on the vacuum level for each divalent and trivalent 

lanthanoid ion, Ln2+ and Ln3+. The red and blue zigzag curves connect the Ln2+ and Ln3+ ground 

levels, respectively, where the nephelauxetic effect derived from the covalency of the oxynitride 

composition is taken into account [29,30]. 
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Table 7.1. Input data for constructing the VRBE diagram obtained from the spectroscopic parameters in literature 
and parameters calculated therefrom. 

Experimental input (eV) 

Eex 5. 87

EC(1, 3+, YSiO2N) 4.11 

ECT(6, 3+, YSiO2N) 3.96 

εc(1, 3+, YSiO2N) 2.24 

U(6, YSiO2N) 6.46 

Eg 6.14 

Model output (eV) 

E4f(7, 2+, YSiO2N) −3.81

E4f(1, 3+, YSiO2N) −4.73

EV −7.77

EC −1.62

The VRBE diagram for the YSiO2N host was constructed with the spectroscopic data in our 

other report, following the procedure below. The experimental input and model output 

parameters for the construction of the VRBE diagram are listed in Table 7.1. First, the bandgap 

Eg at a low temperature was calculated from the host exciton energy (Eex = 5.87 eV) with vacuum 

ultraviolet (VUV) spectroscopy by adding the exciton binding energy estimated as 0.008(Eex)2 

[35,36]. The Eg value for the YSiO2N host was estimated to be 6.14 eV. The charge transfer (CT) 

energy ECT(6, 3+, YSiO2N), which is the energy gap between the VB top and the ground level of 

Eu2+, was determined to be 3.96 eV [32]. In the Eu3+-doped YSiO2N, the CT transition is 

considered to be the electron transfer from N3− to Eu3+. We did not take into account the 

contribution of the CT from O2– to Eu3+ ions because the VB top of the monoclinic YSiO2N is 

composed of mainly N 2p orbitals. Because the CT energy differs slightly in the symmetry for 

the occupied site, we determined the CT energy by taking the number of the nonequivalent Y3+ 
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sites into account. The electron repulsion energy U(6, A), which corresponds to the energy 

difference between the ground levels of divalent and trivalent Eu ions in a host compound A, 

was estimated from the centroid shift of Ce3+: 5d level in YSiO2N using  

𝑈𝑈(6, 𝐴𝐴) = 5.44 + 2.834 exp�−𝜖𝜖𝑐𝑐
2.2� � . (7.1) 

The centroid energy of the Ce3+ 5d state in the YSiO2N host was determined to be 4.11 eV from 

the UV-VUV photoluminescence excitation (PLE) spectrum. Considering the Ce3+: 5d energy 

in free ion (= 6.35 eV), the centroid shift εc was 2.24 eV, leading to U(6, YSiO2N) = 6.46 eV. The 

εc(1, 3+, A) and U(6, A) values depend on the polarizability of the anion ligands around Ce3+ 

ions [19]. (Oxy)nitrides tend to show a smaller U(6, A) than oxides or chlorides, according to 

the nephelauxetic sequence [19,37]. Because the obtained U(6, YSiO2N) value is smaller than 

U(6, A) values for many reported oxides (e.g., U(6, Y3Al5O12) = 6.79 eV, U(6, YBO3) = 6.85 eV, 

U(6, LaAlO3) = 6.67 eV, and U(6, SrSiO3) = 6.63 eV) [19] and almost the same as the U(6, 

LaSiO2N) value (= 6.45 eV) reported by Dorenbos [19,38], this estimated value is valid. The 

VRBE of Eu2+ ground level E4f(7, 2+, A) can be calculated with the following equation; 

Figure 7.2. Vacuum referred binding energy (VRBE) diagram for the YSiO2N host, constructed with spectroscopic 
data. 
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𝐸𝐸4f(7, 2+,𝐴𝐴) = −24.92 + 18.05 − 𝑈𝑈(6,𝐴𝐴)
0.777 − 0.0353𝑈𝑈(6, 𝐴𝐴)

. (7.2) 

The VRBE of Eu2+ ground level is calculated to be −3.81 eV, leading to the outputs, including 

all VRBE of VB top (EV), CB bottom (EC), and the ground levels for Ln2+ and Ln3+. For the 

correction related to the nephelauxetic effect on ground levels for Ln2+ and Ln3+ ions with q > 7 

(q: number of 4f electrons), the nephelauxetic parameter β is introduced and estimated to be 

0.914 from U(6, A). The β parameter takes a small value in a covalent host, such as nitrides, 

sulfides, and selenides [29,30]. According to literature, the β for fluorides, chlorides, oxides, and 

sulfides take ~0.96, ~0.95, ~0.95–0.92, and ~0.90, respectively [29]. Based on this chemical trend, 

the β value of 0.914 for the YSiO2N host is regarded as reasonable.  

The lower position of Ln2+ ground levels below EC is the necessary condition for Ln3+ co-

dopants to act as electron traps. Based on the constructed VRBE diagram for YSiO2N, only Sm2+, 

Eu2+, Dy2+, Tm2+, and Yb2+ satisfy the condition. However, these lanthanoid ions cannot 

necessarily act as proper electron traps for PersL. Zhuang et al. studied the suitable trap depth 

in an oxynitride host SrSi2AlO2N3, concluding that the proper electron trap takes the depth in 

the range of 0.5–0.7 eV [25]. Other studies have also referred to the suitable depth, < ~0.7 eV 

[36,39–41]. Therefore, Tm3+, which has the best electron trap depth of 0.726 eV in the obtained 

VRBE diagram of YSiO2N, was selected as an optimum co-dopant lanthanoid ion at ambient 

temperature. Besides, Sm3+ was also expected as an electron trap center for the Ce3+ PersL at 

ambient temperature because it has a large but still possible electron trap depth of 1.04 eV to 

obtain Ce3+ PersL. Following these assumptions, we prepared the Ce3+-Ln3+ (Ln = Sm or Tm) 

co-doped YSiO2N samples and investigated their PersL and TL properties.  

7.3.2. Characterization of Ce3+ Persistent Luminescence in YSiO2N Host 

Figure 7.3a shows the appearance of the prepared samples under UV illumination (λex = 254 

nm) and 10 s after excitation ceased. Although all the samples show the blue PersL, the co-
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dopants of Sm3+ and Tm3+ ions enhance the PersL intensity. Only for the YSiO2N:Ce3+-Sm3+ 

sample, the PL color under UV illumination is different, which can be explained by the PLE 

spectra of the samples in Figure 7.4. For the Ce3+-Ln3+ co-doped sample, the Ln3+ 4f-4f 

luminescence (Sm3+: 4G5/2 → 6H7/2, Tm3+: 1G4 → 3F4) was detected. The YSiO2N:Ce3+-Sm3+ sample 

shows the strong excitation band peaking at 245 nm, which is assigned to the CT transition from 

N3− to Sm3+ ions, as expected by the VRBE diagram (ECT(5, 3+, YSiO2N) = 5.21 eV). Therefore, 

Sm3+: 4f-4f orange to red luminescence is observed under UV illumination.  

Figure 7.3. (a) Photographs of the YSiO2N:Ce3+ and YSiO2N:Ce3+-Ln3+ (Ln = Sm, Tm) samples (top) under UV 
light illumination and (bottom) 10 s after excitation ceased. (b–d) Comparison of PL and PersL spectra for (b) 
YSiO2N:Ce3+, (c) YSiO2N:Ce3+-Sm3+, and (d) YSiO2N:Ce3+-Tm3+ samples. The y-axes of the PL and PersL spectra 
for each sample are comparable. 
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In Figures 7.3b–3d, the comparisons of the PL and PersL spectra of each sample are 

shown. The left and right axes indicate the PL and PersL intensities, respectively. In the PL 

spectra, the samples show the typical Ce3+: 5d1 → 4f (2F5/2 and 2F7/2) blue luminescence. The Ce3+-

Ln3+ co-doped sample shows weak 4f-4f luminescence bands (Sm3+; 4G5/2 → 6H7/2, 6H9/2, Tm3+; 1G4 

→ 3F4) due to the energy transfer from Ce3+: 5d levels to Sm3+: 4G5/2 or Tm3+: 1G4 levels. In the

PersL spectra, all the samples show blue PersL assigned to the Ce3+: 5d1 → 4f transition, and the 

luminescence components at the longer-wavelength side are strong. In our other study on the 

Ce3+-doped YSiO2N, we observed multiple kinds of Ce3+ luminescence in the YSiO2N host. The 

major Ce3+ center showed a typical spectral shape composed of two luminescence bands peaking 

at 400 and 427 nm, assigned to the Ce3+: 5d → 2F5/2 and 2F7/2 transitions. The minor Ce3+ center 

showed a broad luminescence band in the range of 380–700 nm, whose luminescence lifetimes 

at 20 K were 32–58 ns depending on the monitored wavelengths. Considering the typical 

lifetime for the Ce3+: 5d → 4f luminescence and relatively weak PL intensity compared with the 

major Ce3+ luminescence, it was suggested that the minor Ce3+ luminescence was derived from 

the Y3+ sites with some anion defects, forming the [Ce3+O6±δN2∓δ]  dodecahedra. The 

Figure 7.4. PLE spectra of the samples at room temperature. 
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difference between the PL and PersL spectra can be caused by the relative intensity of the major 

and minor Ce3+ luminescence. The Tm3+ ions more enhance the Ce3+ PersL intensity at 10 s after 

the excitation illumination ceased than the Sm3+ ions.  

Figure 7.5 shows the PersL decay curves of all the samples, whose y-axis was converted 

into luminance (unit: mcd m−2), which takes the sensitivity of human eyes into account. For 

comparison of PersL intensity, the decay curve of the commercial blue persistent phosphor 

CaAl2O4:Eu2+-Nd3+ (λem = 440 nm, Luminova® V-300M, Nemoto & Co., Ltd.) is also plotted as a 

reference. As a benchmark of PersL intensity, the luminance value of 0.32 mcd m−2 is shown in 

a broken line, which is the minimum value commonly used by the safety signage industry 

(about 100 times the sensitivity of the dark-adapted eye) [42]. The Ce3+ singly doped sample 

shows Ce3+ PersL lasting over an hour to reach 0.32 mcd m−2 after excitation illumination ceased. 

By co-doping of proper lanthanoid ions, Sm3+ or Tm3+, the initial PersL intensity is enhanced 

Figure 7.5. PersL decay curves of all the samples. As a reference, the decay curve of the commercial blue persistent 
phosphor, CaAl2O4:Eu2+-Nd3+ (Luminova® V-300M, Nemoto & Co., Ltd.), is shown. 
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by 2–3 times at 30 s, indicating that they successfully act as the electron trap centers. The 

YSiO2N:Ce3+-Sm3+ samples show the decay curves with a similar slope to that of the YSiO2N:Ce3+ 

sample. On the other hand, the decay curves of the YSiO2N:Ce3+-Tm3+ samples have a steep 

slope, resulting in a strong initial PersL intensity and a short duration time. The steeper slope 

of the decay curve for the YSiO2N:Ce3+-Tm3+ than that for the YSiO2N:Ce3+-Sm3+ suggests that 

the Tm3+-related electron traps have a smaller trap depth than the Sm3+-related one as expected 

from the VRBE diagram.  

The PersL-related electron detrapping process can be characterized by the TL glow curves. 

Figure 7.6a shows the TL glow curves of all the samples. The temperature in the x-axis and the 

TL intensity in the y-axis are correlated with the carrier trap depth and the number of captured 

electrons, respectively. Figure 7.6b illustrates the behavior of captured electrons after excitation 

illumination ceased. (i) The excited electrons localized at the trap levels are stimulated by 

thermal energy and move to the 5d1 excited level via the host CB. (ii) The Ce3+ luminescence 

intensity is proportional to the number of released electrons. However, (iii) the thermally 

Figure 7.6. (a) TL glow curves of the samples, monitored with Ce3+ blue luminescence. (b) Schematic illustration 
of TL process. Arrows in the figure show the behavior of excited electrons; (i) thermal detrapping, (ii) radiative 
transition, and (iii) non-radiative thermal quenching processes. 
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activated ionization process gets dominant with temperature. Therefore, in order to 

qualitatively estimate the electron trap distribution, all the glow curves were calibrated with the 

thermal quenching curve described by the single barrier quenching model in which the 

radiative rate Γν, the attempt rate for the non-radiative process Γ0, and thermal activation energy 

Ea are 3.06 × 107 s−1, 5.46 × 1010 s−1, and 0.272 eV, respectively. The TL glow curves before and 

after calibration and the thermal quenching curve are given in the Supporting Information 

(Figure 7.7).  

The YSiO2N:Ce3+ sample shows two glow peaks at 212 and 382 K. These peaks can be 

related to the intrinsic defects in the YSiO2N host. Possible positive defects acting as the electron 

traps are VN
 ⋅⋅⋅ and ON

 ⋅ , generated during the high-temperature synthesis under a reduction 

atmosphere. Between two glow peaks (T = 250–310 K), the TL intensity takes a continuously 

non-zero value. Because this non-zero region is composed of a very weak and broad glow curve, 

the continuous TL can be due to the thermally assisted tunnelling process [43]. 

The Ln3+ co-doped samples show different shapes of the glow curves. The YSiO2N:Ce3+-

Figure 7.7. TL glow curves of the YSiO2N:Ce3+ sample before and after calibration (before; broken line, after; solid 
line) with the thermal quenching curve (blue line). 
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Sm3+ sample shows an intense TL glow curve over ~250 K. This glow curve seems to consist of 

two components with quite similar peak temperatures. Considering the shape of the glow curve 

for the Ce3+ singly-doped sample, one TL glow curve can be assigned to the electron traps related 

to the intrinsic defects. Because the TL intensity is largely enhanced by Sm3+ co-doping, the TL 

glow curve due to the traps related to the doped Sm3+ ions overlap with the TL glow band related 

to intrinsic defects. The YSiO2N:Ce3+-Tm3+ sample shows a very broad and complicated shape 

of the glow curve. It consists of at least three independent curves, two of which at ~240 and 420 

K are related to the intrinsic defects like the YSiO2N:Ce3+ sample. The TL glow peak at ~260–

320 K is related to the Tm3+ related defects. Considering the enhancement of TL intensities of 

glow peaks related to intrinsic defects, Ln3+ co-doping increases the number of intrinsic defects 

caused by not only CeY
𝑥𝑥  but also SmY

𝑥𝑥  and TmY
𝑥𝑥 . 

In order to investigate the luminescence center in the PersL and TL process, the TL 

spectra of the samples were investigated in the wide temperature range (T = 100–600 K). The 

temperature-TL wavelengths contour plots of the samples are shown in Figures 7.8a–8c. All 

the contour plots suggest that only the Ce3+: 5d1 → 4f luminescence is observed during the TL 

process. Figure 7.8d shows the normalized TL spectra of the samples at the temperature with 

Figure 7.8. Temperature-TL wavelength contour plot of (a) YSiO2N:Ce3+, (b) YSiO2N:Ce3+-Sm3+, and YSiO2N:Ce3+-
Tm3+ samples. (d) Normalized TL spectra of the samples at the temperature where each sample shows the strongest 
Ce3+ luminescence. For comparison, the PL and PersL spectra of the YSiO2N:Ce3+ sample, shown in Figure 7.3b, 
are also plotted. 
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the strongest TL intensity. The spectral shapes of all the samples are similar to the PersL spectra. 

The relative intensity of the Ce3+: 5d1 → 2F7/2 band to the 2F5/2 band is high, as seen in the PersL 

spectra, indicating that weak minor Ce3+ luminescence related to some anion defects overlaps 

with the major Ce3+ luminescence.  

7.3.3. Analysis of Electron-Trap Distribution with Initial Rise Method 

The levels of electron traps caused by the impurities are not always represented by a single 

energy level, but possibly show some distribution [44,45]. In this study, the trap depth 

distribution in the YSiO2N host was characterized by the TL glow curve analyses with the initial 

rise method (IRM) combined with the thermal cleaning (TC) method. In the framework of the 

IRM, the number of trapped electrons is regarded as nearly constant in the initial rising part of 

the glow peak on the low-temperature side. Thus one obtains the approximation that the TL 

intensity is proportional to exp(−ε/kT) (ε; trap depth and k; Boltzmann constant) without 

supposing frequency factors and trapping kinetics [31]. In this study, an initial part of TL glow 

curves with 1–15% of the peak TL intensity is defined as the initial rising part.  

Figures 7.9a–9c show the TL glow curves of the samples with different TC temperatures. 

With the TC temperatures changing, the TL glow peaks shift toward the high-temperature side. 

According to McKeever, the shifted TL glow peaks depending on the TC temperature indicate 

that the multiple TL glow curves severely overlap because of the electron trap distribution [45]. 

Therefore, the electron traps with a similar depth are continuously distributed in a series of Ce3+ 

singly- or Ce3+-Ln3+ co-doped samples.  

The YSiO2N:Ce3+ sample has two glow peaks, named as ID1 and ID2 (ID; intrinsic 

defects). Both ID1 and ID2 show the monotonous peak temperature shift with increasing TC 

temperature. Between ID1 and ID2, the range with non-zero TL intensity, possibly related to 

the thermally assisted tunnelling process, is named as C (continuous). Although the 
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Figure 7.9. TL glow curves after thermal cleaning (TC) at various temperatures of (a) YSiO2N:Ce3+, (b) 
YSiO2N:Ce3+-Sm3+, and (c) YSiO2N:Ce3+-Tm3+ samples. All the glow curves are labeled with notations as follows; 
ID (intrinsic defects), Sm-traps, and Tm-traps.  
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YSiO2N:Ce3+-Sm3+ sample shows only one glow peak, the first derivative of the slope on the low-

temperature side was not constant. Besides, with TC temperatures of 200–260 K, the TL glow 

peak temperature did not shift despite the inflection point shifting. Taking the glow curves of 

the YSiO2N:Ce3+ sample into account, the glow peaks at the low- and high-temperature sides 

can be denoted by Sm-traps and ID2, respectively. The YSiO2N:Ce3+-Tm3+ sample has three 

glow peaks at 250, 290, and 410 K. They are labeled as ID1, Tm-traps, and ID2.  

    For these TL glow curves with various TC temperatures, we estimated the trap depth with 

the IRM. The difference of area between two TC temperatures, T1 and T2 (T1 < T2), is 

proportional to the number of released electrons between T1 and T2. We assumed that by 

combining it with the output trap depth by the IRM, we could estimate the trap density as a 

function of trap depth [31]. The Ahrrenis plots of the TL glow curves with the initial rise fitting, 

the estimated electron trap depths as a function of TC temperatures, and the differential curves 

for the TL glow curves at T1 and T2 (T2 = T1 + 10 K) are provided in the Supporting Information 

(Figures 7.10–12). 

Figure 7.10. (a) Arrhenius plot of the TL glow curves in the YSiO2N:Ce3+ sample as a function of TC temperatures. 
Colored solid lines represent the fitting function, whose slope is described as −ε/k (ε: trap depth (eV) and k: 
Boltzmann constant). (b) Estimated trap depths in the YSiO2N:Ce3+ sample as a function of TC temperature. (c) 
Differential curves between the TL glow curves at two adjacent temperatures, T and T + 10 K. 
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Figure 7.11. (a) Arrhenius plot of the TL glow curves in the YSiO2N:Ce3+-Sm3+ sample as a function of TC 
temperatures. (b) Estimated trap depths in the YSiO2N:Ce3+-Sm3+ sample as a function of TC temperature. (c) 
Differential curves between the TL glow curves at two adjacent temperatures. 

Figure 7.12. (a) Arrhenius plot of the TL glow curves in the YSiO2N:Ce3+-Tm3+ sample as a function of TC 
temperatures. (b) Estimated trap depths in the YSiO2N:Ce3+-Tm3+ sample as a function of TC temperature. (c) 
Differential curves between the TL glow curves at two adjacent temperatures. 
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Figure 7.13 shows the histogram describing the electron trap distributions for the 

YSiO2N:Ce3+ and YSiO2N:Ce3+-Ln3+ samples. Assuming the Gaussian-shaped distribution 

[46,47], the centroid trap depths were estimated with the Gaussian fitting and listed with the 

bandwidths in Table 7.2. The YSiO2N:Ce3+ sample has two trap distributions centered at 0.657 

and 1.18 eV, which are related to the intrinsic defects. These distributions are also observed in 

the YSiO2N:Ce3+-Tm3+ sample with slightly different depths (0.663 and 1.03 eV) and similar 

Figure 7.13. Histogram describing electron trap distribution in energetic scale (unit: eV) for the YSiO2N:Ce3+ and 
YSiO2N:Ce3+-Ln3+ (Ln = Sm or Tm) samples. Each histogram is fitted with a Gaussian function. 
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widths. The ID1 and ID2 traps become shallower and deeper by Tm3+ co-doping, respectively. 

In the TL glow curve for the YSiO2N:Ce3+-Sm3+ sample, the ID1 curve was not detectable, 

resulting in trap depths estimation only for the ID2- and Sm-traps, 1.10 eV. Because these 

curves severely overlap, the ID2- and Sm-traps take the same depth but different widths. The 

trap density of the deep ID-trap is largely enhanced. For the YSiO2N:Ce3+-Tm3+ sample, the 

density of both ID1 and ID2 traps is also enhanced. These results suggest that introducing the 

Ln-traps affects not only the trap distribution but also trap density of intrinsic defects.  

The estimated trap depths based on the TL analyses for Tm3+ and Sm3+ are 0.802 and 1.10 

eV, respectively. The severe overlap can cause some errors in the estimated values. Nevertheless, 

considering the depths estimated from the VRBE diagram (Tm3+; 0.726 eV, Sm3+; 1.04 eV), the 

differences between the predicted and experimental trap depths are just 0.076 eV (Tm3+) and 

0.056 eV (Sm3+), indicating that the prediction of co-dopants based on the VRBE diagram 

calibrated with the nephelauxetic effect worked well in the covalent host YSiO2N.  

Table 7.2. Estimated trap depths and bandwidths for trap distributions with a Gaussian profile for intrinsic (ID), 
Sm-traps, and Tm-traps (unit: eV) 

ID1 ID2 Sm-traps Tm-traps 

YSiO2N:Ce3+ 
center 0.657 1.18 — — 

width 0.329 0.242 — — 

YSiO2N:Ce3+-Sm3+ 
center — 1.10 1.10 — 

width — 0.413 0.250 — 

YSiO2N:Ce3+-Tm3+ 
center 0.663 1.03 — 0.802 

width 0.308 0.234 — 0.254 
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7.4. Conclusions 

The Ce3+ persistent luminescence in the YSiO2N host was successfully enhanced by co-doping 

Sm3+ and Tm3+ ions, as predicted by the semi-empirical vacuum referred binding energy (VRBE) 

diagram. The VRBE diagram of the YSiO2N host was constructed with the experimentally 

obtained parameters, including the host exciton creation energy, the charge transfer energy for 

Eu3+, and the centroid shift of Ce3+ 5d levels, leading to the optimal co-dopant lanthanoid ions, 

Sm3+ and Tm3+, to obtain Ce3+ persistent luminescence at ambient temperature. The electron trap 

depths for Tm3+ and Sm3+ ions were estimated to be 0.726 and 1.04 eV, respectively. The prepared 

YSiO2N:Ce3+-Ln3+ (Ln = Sm or Tm) samples enhanced the Ce3+ blue persistent luminescence at 

30 s after the excitation ceased by 2–3 times. The thermoluminescence (TL) glow curves of the 

Ln3+ co-doped samples showed additional glow peaks related to Ln-traps and enhanced the TL 

intensity related to intrinsic defects. The TL glow curve analyses with the initial rise method 

combined with the thermal cleaning and trap density methods revealed that the Ln-traps located 

below the conduction band have a distribution with ~0.25 eV width, whose centers were similar 

to the predicted trap depth by the constructed VRBE diagram.  
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Chapter 8  
Difference of Eu3+ Luminescent Properties in 

YOCl and YOBr Oxyhalide Hosts 

Abstract 
The photoluminescence spectra, luminescence lifetimes, and their temperature dependence of the Eu3+-doped 

oxyhalides, YOX:Eu3+ (X = Cl or Br) with different halide species of mixed-anion coordinations were 

investigated and analyzed. In terms of the ionic and covalent nature of a bonding, Eu3+ ions form the different 

coordination polyhedra in the isostructural YOCl and YOBr hosts; a nine-fold [Eu3+O4Cl5] and an eight-fold 

[Eu3+O4Br4] polyhedron. The Judd-Ofelt Ω2 parameter for the YOCl:Eu3+ takes a very large value (= 8.81 × 

10−20 cm2) due to the nine-fold polyhedron with the C4v symmetry. On the other hand, despite the same C4v 

symmetry, the YOBr:Eu3+ shows the very small Ω2 parameter (= 2.72 × 10−20 cm2) because of the structural 

similarity to the square antiprism polyhedron with the D4 symmetry. The Ω4 parameters for the YOX:Eu3+ are 

much larger than those of other Eu3+-doped oxides, possibly related to the covalency of halide anions, Cl− and 

Br−, showing an intense luminescence band (5D0 → 7F4) at around 700 nm. The Eu3+ ions in these YOX hosts 

were excitable by charge transfer bands in 270–280 nm regions. The relaxation pathways from the charge 

transfer states to the initial states for luminescence are discussed, using the configuration coordinate diagrams 

with the spectroscopic characterizations.  
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8.1. Introduction 

Red luminescent materials activated with trivalent europium ions, Eu3+, have been investigated 

for various applications [1,2], such as cathode ray tubes [3–5], fluorescent tubes [6–8], white 

light-emitting diodes (w-LEDs) [9–11], displays [12,13], and anti-counterfeiting paints for 

banknotes [14]. The Eu3+ luminescence is attractive due to the three reasons; the sharp 

luminescence lines attributed to the 4f-4f transition with a small effect of the electron-phonon 

coupling, the hypersensitivity of the 5D0 → 7F2 transition depending crucially on a local 

environment around Eu3+, and the efficient charge transfer (CT) excitation from ligands. The 

enormous amount of inorganic compounds has been considered to obtain the intense Eu3+ 

orange-red luminescence with high luminous efficacy for radiation (lm·W−1). Mono-anion 

materials, including oxides, nitrides, halides, and sulfides, have been regarded as the widely used 

host compounds of inorganic phosphors because it is relatively easy to prepare and analyze their 

crystalline phases and compositions. Nowadays, the mixed-anion compounds attract materials 

scientists' attention because of the possibility of developing a new functional material [15]. 

When a Eu3+ ion is surrounded by multiple types of anions with different characters (e.g., 

electronegativity, polarizability, ionic radius, and valence state), its luminescent properties can 

be significantly affected by increasing the local asymmetry and enhancing the crystal field 

splitting [15]. According to the Judd-Ofelt theory, which quantitatively evaluates the transition 

probabilities of lanthanoid ions [16–18], the Eu3+ 5D0 → 7F2 luminescence around 620 nm is 

sensitive to the asymmetry of the local environment, and then the Eu3+ red luminescence 

enhancement in the mixed-anion coordination is expected.  

    In this study, we focus on the compounds with the oxyhalide coordination, represented 

by the chemical composition of YOX (X = Cl or Br), to investigate the influence on Eu3+ 

luminescence. The YOX is one of the matlokites containing rare-earth elements. Matlockites is 

the name of the mineral with the composition PbClF, whose layered structure has a tetragonal 

unit cell with the space group P4/nmm (No. 129) [19]. In both YOCl and YOBr, the Y3+ sites 

have the monocapped square antiprism with the C4v symmetry accommodating trivalent 

lanthanoid ions Ln3+ without any charge compensation. This local structure has only two 
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symmetrical operations, a four-fold rotation axis C4 and a mirror plane σv; no inversion center 

in the C4v sites. In addition, Ln3+ ions are surrounded by both X− and O2−, possibly leading to 

further distortion in the local field and enhancement of the transition probabilities.  

In a few previous studies [20–22], strong Eu3+ luminescence in the YOX hosts was 

observed and discussed. First, Blasse reported some essential characteristics of the Eu3+ 

luminescence in a series of REOX hosts (RE = Y, Gd, La, and X = Cl, Br), such as the relative PL 

intensity and quantum yields with a cation and anion variation [20]. He concluded that the 

choice of X− significantly affected the crystal field around a Eu3+ ion and the spectral energy 

distribution of Eu3+ 4f-4f luminescence. Subsequently, Hölsä calculated the crystal field 

parameters for YOCl:Eu3+ and YOBr:Eu3+ based on spectroscopy and simulated the energy 

diagrams for Eu3+ with the Stark splitting [21,22]. While the Judd-Ofelt intensity parameters Ωt 

are the powerful tool to predict the radiative decay rates and relative intensities of the electric 

dipole transition, there have been no reports on detailed analyses of lanthanoid ions in these 

oxyhalide compounds based on the Judd-Ofelt theory.  

In this work, the effect of an oxyhalide ligand field on the Eu3+ luminescence was 

characterized based on the Judd-Ofelt theory [16–18]. Here, the Eu3+ concentration is fixed to 

be 0.5%, which is lower than that in Blasse’s (5%) and Hölsä’s (1%) studies [20–22], to investigate 

intrinsic properties of isolated Eu3+ ions. The estimated Judd-Ofelt intensity parameters Ωt (t = 

2, 4, 6) of the Eu3+: 5D0 → 7F2,4,6 luminescence reveals that the existence of chloride Cl− and 

bromide Br− ions cause the different spectral shapes and the variation of relative PL intensity. In 

addition, the spectroscopic characterization at various temperatures gives essential information 

about the relaxation process to the Eu3+: 5D0 state and its quenching process. The insight into the 

relaxation mechanism of the Eu3+ 4f and Eu3+-X− CT excited states helps us develop a novel red-

emitting phosphor activated with Eu3+.  

8.2. Experimental Procedure 

The Eu3+-doped oxyhalide samples, YOX:Eu3+ (X = Cl or Br), were fabricated through the 

synthesis procedures described below. The oxychloride powder sample doped with 0.5 mol% 



Chapter 8. Difference of Eu3+ Luminescence Properties in YOCl and YOBr Oxyhalide Hosts 

208 

Eu3+, Y0.995Eu0.005OCl, was prepared by oxidation of a chloride compound. The starting chemicals 

of YCl3·6H2O (99.9%, Mitsuwa Chemicals) and Eu2O3 (99.99%, Kojundo Chemical Laboratory) 

were weighed and mixed homogenously with an alumina mortar. The mixture was calcinated at 

500 °C for six hours in the air atmosphere. The oxybromide powder sample doped with 0.5 mol% 

Eu3+, Y0.995Eu0.005OBr, was synthesized through bromination of an oxide compound. The starting 

chemicals of Y2O3 (99.99%, Kojundo Chemical Laboratory) and Eu2O3 (99.99%, Kojundo 

Chemical Laboratory) were weighed and mixed. 150 wt% NH4Br (99%, FUJIFILM Wako 

Chemicals), a bromination agent, was added to the mixture and sintered at 500 °C for two hours 

under N2 gas flow. Since the prepared oxyhalide samples easily reacted with moisture, they were 

kept in a glovebox filled with high purity Ar gas. For luminescence properties measurements, 

the powder form samples were sealed in a quartz tube with an inner diameter of 6 mm under a 

vacuum.  

Synchrotron X-ray diffraction (SXRD) data of the YOX:Eu3+ samples were obtained at 300 

K on a monochromated incident beam at the BL02B2 JASRI beamline (λ = 0.413269 Å) of 

Spring-8. The sample in powder form was put in a Lindeman capillary tube with an inner 

diameter of 0.1 mm. The sealed capillary was rotated during measurements to suppress the effect 

of preferential orientation. The obtained SXRD patterns were analyzed with the Rietveld method 

using the RIETAN program [23]. For the Rietveld refinement, the atomic positions and the 

isotropic displacement parameter Uiso for Eu incorporated in Y sites are restricted to be the same 

as those of Y.  

Photoluminescence excitation (PLE) spectra were measured with a setup consisting of a 

Xe short arc lamp (OPM2-502XQ, Ushio Inc.), double monochromators (SP-300i, Acton 

Research Corp.), and a photomultiplier tube (R3896, Hamamatsu Photonics). The sample was 

cooled down to 4 K by a closed-cycle He gas cryogenic refrigerator (CRT-A020-SE00, Ulvac 

Cryogenics). The PLE spectra were calibrated by the spectrum of the Xe lamp (excitation light 

source) detected by a Si standard photodiode (S1337-1010BQ, Bunkoukeiki & Co. Ltd.).  

For photoluminescence (PL) measurements, luminescence was detected by a photomultiplier 

tube (R10699, Hamamatsu Photonics) equipped with a monochromator (SP-2300i, Princeton 
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Instruments). The monochromatic excitation light was obtained by the double monochromator 

system with the Xe lamp, which is the same as the PLE measurements.  

The temperature-dependent PL spectra excited with a near-UV LED (UV17-0399-B, 

DOWA Electronics Materials Co., Ltd., λ = 280 nm) were detected by a CCD spectrometer 

(USB-2000+, Ocean Optics) connected with an optical fiber. The sample was attached in a liquid 

nitrogen cryostat (Helitran LT3, Advanced Research Systems) to control its temperatures from 

100 to 800 K. The obtained PL spectra were calibrated by the spectrum of a deuterium-tungsten 

halogen light source (DH-2000, Ocean Optics).  

The luminescence decay curves were investigated at various temperatures (100–800 K) 

with a luminescence lifetime spectrometer equipped with a Xe flash lamp (Quantaurus-Tau-

C11367, Hamamatsu Photonics). The sample temperature was controlled by the liquid nitrogen 

cryostat.  

8.3. Results 

8.3.1. Structural Analysis of Matlockite-Type YOX (X = Cl or Br) 

The SXRD data of the YOX:Eu3+ samples were collected to identify the crystalline phase and 

refine the lattice parameters. The diffraction patterns shown in Figure 8.1 indicate that the single 

phases of matlockite-type YOCl and YOBr crystals were successfully prepared. The Rietveld 

refinement of these SXRD patterns was performed based on the tetragonal structure (space 

group: P4/nmm, No. 129). The refined lattice parameters of a tetragonal unit cell are a = b = 

3.90018(5) Å and c = 6.5919(2) Å for the YOCl:Eu3+, and a = b = 3.83931(8) Å and c = 8.2622(5) 

Å for the YOBr:Eu3+. Other crystallographic parameters obtained by the Rietveld refinement are 

provided in Tables 8.1 and 8.2. The output reliability factors Rwp(YOCl) and Rwp(YOBr) were 

6.201% and 6.106%, respectively, indicating a good agreement between the observed and fitted 

patterns. The layered crystal structures of YOCl and YOBr along the a-axis are depicted in 

Figure 8.2a. Comparing the lattice parameters between YOCl and YOBr, the unit cell varies 

anisotropically by substituting small Cl− (1.81 Å) with large Br− (1.96 Å) [24], in the matlockite 
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structure. Along the in-plane direction [100] and [010], the lattice constant a and b of the 

YOBr:Eu3+ were slightly smaller by 0.06087(9) Å (only −1.56%) than that of the YOCl:Eu3+. In 

contrast, the lattice constant c of the YOBr:Eu3+ is considerably larger than that of the YOCl:Eu3+, 

which was unexpected from the ionic radius difference.  

The distances between two [X-Y-O-Y-X] sheets were refined to be 1.669(3) Å for the 

YOCl:Eu3+ and 2.774(2) Å for the YOBr:Eu3+, respectively. In terms of the local structure around 

Y3+ ions in the YOX hosts, the critical difference is the bond length between Y3+ and X− ions 

across the two sheets. Local environments around Y3+ in YOX hosts are picked up and shown in 

Figure 8.2b. Here, X− ions in the same and adjacent [X-Y-O-Y-X] sheets are labeled as XI
− and 

XII
−, respectively. Based on the refined structure of the YOCl:Eu3+, the distance from Y3+ to ClI

− 

and ClII
− are 3.0735(10) and 3.026(3) Å, resulting in the nine-fold monocapped square antiprism 

[YO4Cl5]. In contrast, the bond lengths between Y3+ and Br− in the refined YOBr:Eu3+ structure 

are 3.1658(13) Å for Y3+-BrI
− and 4.403(3) Å for Y3+-BrII

−. The length of Y3+-BrI
− bonding is 

longer by 0.0923(16) Å than that of Y3+-ClI
− bonding, as expected due to the larger ionic radius 

of Br−. The Y3+-BrII
− bonding is relatively long because the two [Br-Y-O-Y-Br] sheets are well 

separated. The significant difference in the bond length between Y3+-BrI
− and Y3+-BrII

− leads to 

the eight-fold distorted square antiprism [YO4Br4]. This eight-fold coordination polyhedron is 

also considered in other lanthanoid oxybromide compounds with the matlockite structure [20]. 

The different coordination number of the Y3+ sites in the YOX hosts possibly contributes to the 

luminescent properties of accommodated lanthanoid ions, whereas both local structures belong 

to the same point group C4v. 
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Figure 8.1. SXRD patterns of the (a) YOCl:Eu3+ and (b) YOBr:Eu3+ samples at room temperature (λ = 0.413269 Å). 
The observed and calculated intensities and difference plots are shown by red + marks, solid blue lines, and solid 
grey lines, respectively. Green tick marks indicate calculated Bragg peak positions based on matlockite-type 
tetragonal structure belonging to the space group P4/nmm. Reliability factors: Rwp = 6.201 %, Rp = 4.788%, and Re 
= 2.383% for the YOCl:Eu3+; Rwp = 6.106%, Rp = 4.550%, and Re = 2.844% for the YOBr:Eu3+. 
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Table 8.1. Crystallographic parameters of the YOCl:Eu3+ sample obtained by the Rietveld refinement of SXRD data 
at room temperature 

YOCl:Eu3+ a = b = 3.90018(5) Å, c = 6.5919(2) Å, Rwp = 6.201%, Rp = 4.788%, Re = 2.383% 

atom occupancy site x y z Uiso (Å2) 

Y 0.995 2c 0.00000 0.50000 0.1676(1) 0.0064(4) 

Eu 0.005 2c 0.00000 0.50000 0.1676(1) 0.0064(4) 

O 1.000 2a 0.00000 0.00000 0.00000 0.005(2) 

Cl 1.000 2c 0.00000 0.50000 0.6266(3) 0.0145(6) 

Table 8.2. Crystallographic parameters of the YOBr:Eu3+ sample obtained by the Rietveld refinement of SXRD data 
at room temperature 

YOBr:Eu3+ a = b = 3.83931(8) Å, c = 8.2622(5) Å, Rwp = 6.106%, Rp = 4.549%, Re = 2.839% 

atom occupancy site x y z Uiso (Å2) 

Y 0.995 2c 0.00000 0.50000 0.1350(2) 0.0089(6) 

Eu 0.005 2c 0.00000 0.50000 0.1350(2) 0.0089(6) 

O 1.000 2a 0.00000 0.00000 0.00000 0.003(2) 

Br 1.000 2c 0.00000 0.50000 0.6679(2) 0.0174(7) 
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8.3.2. Charge Transfer Excited States of Eu3+ in Oxyhalide YOX 

The prepared YOX:Eu3+ samples showed red luminescence under UV light illumination (Figure 

8.3). Figure 8.4 shows the PLE spectra of the YOX:Eu3+ samples at 4 K monitored with Eu3+ 

luminescence over 600 nm. In both spectra of the YOX:Eu3+, the excitation lines and bands are 

classified into three categories; the Eu3+ 4f-4f transition, the CT transition from ligands, and the 

defects-related absorption.  

The sharp lines are assigned to the 4f-4f transition of Eu3+: from 7F0 to 5D1 (~19000 cm−1 

= ~526 nm), 5D2 (~21500 cm−1 = ~465 nm), 5L6 (~25300 cm−1 = ~395 nm), 5D4 (~27600 cm−1 = 

~362 nm), and 5H6 (31300 cm−1 = ~319 nm) states. Many sharp lines in the range of 26000–

27400 cm−1 are due to the convolution of the 5LJ, 5GJ ← 7F0 transitions [21,22]. 

The broad and asymmetric excitation bands located over 31000 cm−1 are attributed to the 

CT transition from coordinating anions (X− or O2−) to Eu3+ ions. Since the CT transition is 

Laporte-allowed [2], PLE intensities of the CT bands are much more intense than that of Eu3+ 

4f-4f excitation lines. The YOCl:Eu3+ exhibited stronger CT bands than the YOBr:Eu3+. The 

centroid energies of asymmetric CT-bands (ECT) are estimated to be 38163 cm−1 for the 

Figure 8.2. (a) Crystal structure of YOX (X = Cl or Br) along the a-axis. The solid black line indicates a tetragonal 
unit cell. The distance between the two [X-Y-O-Y-X] sheets is shown. (b) Local structures of a nine-fold [YO4Cl5] 
and an eight-fold [YO4Br4] polyhedron. The crystal structures were depicted with the VESTA program [25]. 
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YOCl:Eu3+ and 36686 cm−1 for the YOBr:Eu3+ by Gaussian fitting (Figure 8.5). 

A very weak excitation band was observed below the CT excitation bands attributed to 

the defects-related absorption of intrinsic vacancies of the host oxyhalides.  

Figure 8.3. Pictures of the obtained YOX:Eu3+ (X = Cl or Br) samples under a white-LED lamp (left) and a UV 
lamp (λ = 254 nm). The samples in powder form were filled into a quartz tube.

Figure 8.4. PLE spectra of the YOX:Eu3+ samples at 4 K, monitored with Eu3+ 4f-4f luminescence over 600 nm. The 
PLE intensities are normalized by the integrated area of the 5D1 ← 7F0 magnetic dipole transition, whose line strength 
is insensitive to the local environment around Eu3+ ions. PLE intensity of the YOCl:Eu3+ over 30000 cm−1 is divided 
by five. 



Chapter 8. Difference of Eu3+ Luminescence Properties in YOCl and YOBr Oxyhalide Hosts 

215 

8.3.3. Assignment of Eu3+ 4f-4f Luminescence 

Figure 8.6a shows the PL spectra of the YOX:Eu3+ samples at 4 K under CT excitation (λex = 280 

nm). Characteristic Eu3+: 5D0 luminescence lines were observed in the range from 580 to 850 

nm. The number of the 5D0 luminescence lines in the C4v symmetry and the energy diagram of 

Eu3+ 4f levels for the YOX hosts were calculated by Forsberg [26] and Hölsä [21,22], respectively. 

Thus, the 5D0 luminescence lines were assigned, listed in Tables 8.3 and 8.4. In the range of 

16900–17100 cm−1, the luminescence lines of the 5D0 → 7F1 magnetic dipole (MD) transition are 

overlapped with those of the 5D1 → 7F3 electric dipole (ED) transition from the higher excited 

state. The complicated structure due to the severe overlap makes the correct assignment difficult. 

In order to distinguish the 5D0 luminescence from a small contribution of the 5D1 luminescence, 

the PL spectra of the YOX:Eu3+ samples were measured at 4 K, excited by the different excitation 

pathways; the CT transition (λex = 280 nm) and the 5L6 ← 7F0 transition (λex = 395 nm). The 

Figure 8.5. PLE spectra of the YOX:Eu3+ samples. The CT excitation bands up to 40000 cm−1 were deconvoluted 
with two Gaussian functions, and then the centroid energy of the reproduced CT bands with those two Gaussian 
functions was calculated; ECT(YOCl) and ECT(YOBr) are 38163 cm−1 and 36686 cm−1, respectively. 
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enlarged PL spectra in the range of 16650–17300 cm−1 for the YOX:Eu3+ samples are shown in 

Figure 8.6b, where the PL intensities are normalized with the integrated area of the 5D0 → 7F0 

transition peaking at 17195 cm−1 for the YOCl:Eu3+ and 17203 cm−1 for the YOBr:Eu3+. The 

population of the 5D0 and 5D1 levels was changed by two different excitation routes, the CT and 

4f-4f transition, because of the different relaxation processes. As the branching ratio and the 

relevant spectral shape of the 5D0 and 5D1 luminescence are not affected by excitation processes, 

the PL lines with the consistent relative intensity indicate the precise assignment of the 5D0 → 7F1 

luminescence in the normalized PL spectra. The two luminescence lines peaking at 16757 and 

16946 cm−1 for the YOCl:Eu3+ and 16752 and 16976 cm−1 for the YOBr:Eu3+ are assigned to the 
5D0 → 7F1 MD transition. 

Figure 8.6c displays the enlarged spectra at 4 K in the range from 17300 cm−1 (= ~578 

nm) to 19800 cm−1 (= ~505 nm). As reported by Hölsä [21,22], many luminescence lines 

attributed to the Eu3+ 4f-4f transition from the higher excited states 5D1 and 5D2 were observed. 

The 5D2 luminescence is drastically enhanced under the 4f-4f excitation at 395 nm, compared 

with the CT excitation. These different intensity ratios between the 5D1 → 7FJ and 5D2 → 7FJ 

transitions enable us to assign the complicated luminescence structures. The enhancement of 

the 5D2 luminescence intensity was significant in the YOBr:Eu3+. The assignment of each 

luminescence line is listed in Table 8.5 and represented in Figure 8.6c. All the assigned 

luminescence lines corresponded with the assignment in the previous reports by Hӧlsä [21,22]. 
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Figure 8.6. (a) PL spectra of the YOX:Eu3+ samples at 4 K, excited by the CT transition (λex = 280 nm). The PL 
intensities are normalized by the integrated area of the 5D0 → 7F1 magnetic dipole transition, whose line strength 
does not depend on the local environment around Eu3+ ions. Below 13600 cm−1 (λ > ~735 nm), the spectra were 
obtained with a low spectral resolution and displayed with the PL intensity enlarged 100 times. (b), (c) Enlarged 
PL spectra at 4 K with different excitation wavelengths, 280 nm (shown in solid lines, CT transition) and 395 nm 
(shown in broken lines, 5L6 ← 7F0 transition). The PL intensities are normalized by the integrated area of the (b) 5D0 
→ 7F0 and (c) 5D1 → 7F1 transition.
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Table 8.3. Peak positions and relative intensities of Eu3+: 5D0 emission in YOCl:Eu3+ 

7FJ wavenumber (cm−1) wavelength (nm) 
relative intensity 

(this work) 

relative intensity 

(reported by Blasse [20]) 

5D0 

→ 

J = 0 17195 581.56 2.27 3 

J = 1 
16946 

16757 

590.11 

596.77 
10.0 10 

J = 2 
16226 

16101 

616.29 

621.08 
59.2 70 

J = 3 
15323 

15257 

652.61 

655.44 
1.68 3 

J = 4 

14562 

14361 

14242 

686.72 

696.33 

702.15 

37.2 48 

J = 5 

13436 

13349 

13179 

13098 

744.27 

749.12 

758.78 

763.48 

0.358 — 

J = 6 

12239 

12127 

11944 

817.06 

824.61 

837.24 

0.203 — 
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Table 8.4. Peak positions and relative intensities of Eu3+: 5D0 emission in YOBr:Eu3+ 

7FJ wavenumber (cm−1) wavelength (nm) 
relative intensity 

(this work) 

relative intensity 

(reported by Blasse [20]) 

5D0 

→ 

J = 0 17203 581.29 0.654 1 

J = 1 
16976 

16752 

589.07 

596.94 
10.0 10 

J = 2 
16251 

16072 

615.35 

622.20 
18.1 20 

J = 3 
15315 

15261 

652.95 

655.27 
4.15 4 

J = 4 

14571 

14339 

14265 

14196 

686.29 

697.40 

701.02 

704.42 

42.0 35 

J = 5 

13323 

13188 

13078 

750.58 

758.27 

764.64 

0.569 — 

J = 6 

12423 

12236 

12088 

11886 

804.96 

817.26 

827.27 

841.33 

0.561 — 
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Table 8.5. Assignment of emission peaks from 5DJ’ states 

initial state 
terminal 

state 

YOCl:Eu3+ YOBr:Eu3+ 

wavenumber 

(cm−1) 

wavelength 

(nm) 

wavenumber 

(cm−1) 

wavelength 

(nm) 

5D1 

7F0 18922 528.49 18920 528.54 

7F1 

18717 

18675 

18527 

18485 

534.27 

535.48 

539.75 

540.98 

18694 

18522 

534.93 

539.90 

7F2 

17994 

17952 

17869 

17829 

17691 

555.74 

557.04 

559.63 

560.88 

565.26 

18021 

17994 

17967 

17844 

17790 

17690 

554.91 

555.74 

556.58 

560.41 

562.11 

565.29 

7F3 

17092 

17061 

17025 

17008 

16979 

585.07 

586.13 

587.37 

587.96 

588.96 

17082 

17030 

16930 

16865 

16828 

16660 

16597 

585.41 

578.20 

590.67 

592.94 

594.25 

600.24 

602.52 
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Table 8.5. Assignment of emission peaks from 5DJ’ states (continued) 

initial state terminal state 

YOCl:Eu3+ YOBr:Eu3+ 

wavenumber 

(cm−1) 

wavelength 

(nm) 

wavenumber 

(cm−1) 

wavelength 

(nm) 

5D2 

7F3 

19579 

19562 

19527 

19502 

19458 

19433 

19382 

510.75 

511.20 

512.11 

512.77 

513.93 

514.59 

515.94 

19562 

19491 

19440 

19406 

19335 

19316 

511.20 

523.06 

514.40 

515.30 

517.20 

517.71 

7F4 

18798 

18761 

18596 

18560 

18443 

18399 

18332 

531.97 

533.02 

537.75 

538.79 

542.21 

543.51 

545.49 

18808 

18786 

18753 

18625 

18577 

18447 

18404 

18378 

18318 

531.69 

532.31 

533.25 

536.91 

538.30 

542.09 

543.36 

544.13 

545.91 

7F5 

17691 

17614 

17596 

17546 

17476 

17414 

17368 

17298 

565.26 

567.73 

568.31 

569.93 

572.21 

574.25 

575.77 

578.10 

17728 

17690 

17654 

17589 

17564 

17501 

564.08 

565.29 

566.44 

568.54 

569.35 

571.40 
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8.3.4. Temperature Dependence of Eu3+: 5D0 Luminescence in YOX 

The PL spectra of the YOX:Eu3+ samples were measured at various temperatures (T = 100–800 

K), with the excitation by the CT transition (λex = 280 nm). Figures 8.7a and 8.7b show the 

measured spectra in the region of the principal radiative transitions of Eu3+ (5D0 → 7F0–4). In 

Figure 8.7c, the integrated PL intensities in the range of 14000–15000 cm−1 (5D0 → 7F4) are 

plotted against temperature to eliminate the influence of the 5D1 luminescence. For both 

oxyhalide samples, the Eu3+ luminescence intensity was decreased monotonously from 100 K. 

The temperature profile of the Eu3+: 5D0 luminescence does not correspond to the typical single 

barrier quenching curve described in the Boltzmann distribution.  

Temperature dependence of luminescence lifetime is a good indicator to discuss the 

thermal quenching behavior of the Eu3+: 5D0 luminescence without the effect of the possibly 

temperature-dependent absorption coefficient. Figures 8.8a and 8.8b show the luminescence 

decay curves of the YOX:Eu3+ samples at various temperatures (T = 100–800 K) excited by the 

CT transition (λex = 280 nm). In contrast to the temperature-dependent PL intensity, the slope 

of the decay curves was almost unchanged up to ~600 K, and then increased. All the decay 

curves slightly deviated from the single exponential profile, fitted by a second-order exponential 

function, described below: 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 exp(−𝑡𝑡 𝜏𝜏1⁄ ) + 𝐴𝐴2 exp(−𝑡𝑡 𝜏𝜏2⁄ ) , (8.1) 

where A1 and A2 are the amplitudes of each decay component, and τ1 and τ2 are the luminescence 

Figure 8.7. PL spectra of the YOX:Eu3+ samples at various temperatures (T = 100–800 K) excited with a near-UV 
LED (λex = 280 nm). (c) Temperature-dependent integrated PL intensity of 5D0 → 7F4 transition.
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lifetime at each temperature. In general, the Eu3+: 5D0 luminescence shows the single-exponential 

decay profile. However, in the YOX:Eu3+ samples, the decay curves could not be fitted with a 

single-exponential function, indicating the existence of a slight energy transfer (ET) process. As 

the purpose is to discuss the possible quenching process, the average luminescence lifetime of 

the 5D0 state at each temperature τf (T) was estimated by the following eq. 8.2: 

𝜏𝜏f (𝑘𝑘 ) = 𝐴𝐴1𝜏𝜏1
2 + 𝐴𝐴2𝜏𝜏2

2

𝐴𝐴1𝜏𝜏1 + 𝐴𝐴2𝜏𝜏2
. (8.2) 

The average lifetimes at each temperature from 100 to 800 K are plotted against temperature and 

shown in Figure 8.8c. These profiles were fitted with the typical quenching curves following the 

single barrier quenching model described below [27]:  

𝜏𝜏f (𝑘𝑘 ) = 1
𝛤𝛤𝜈𝜈 + 𝛤𝛤0 exp(−𝐸𝐸𝑎𝑎 𝑘𝑘𝑘𝑘⁄ )

, (8.3) 

where Γν is the radiative transition rate for Eu3+: 5D0 luminescence, Γ0 is the attempt rate of the 

nonradiative process, Ea is the activation energy of thermal quenching, k is the Boltzmann 

constant (= 0.695 cm−1∙K−1), and T is temperature. Since the nonradiative term Γ0 exp(−Ea/kT) 

is negligible at low temperatures, the Γν value is described by the reciprocal number of the 

luminescence lifetime at low temperature, τ0. The RMS errors for the fitting are relatively small. 

The obtained parameters, Γν, τ0, Γ0, Ea, and the quenching temperature T50%, are listed in Table 

8.6. At T50%, the lifetime is half of the τ0, where the Γν and the nonradiative term become equal. 

Figure 8.8. (a), (b) Luminescence decay curves of the YOX:Eu3+ samples at various temperatures (T = 100–800 K) 
excited by the CT transition (λex = 280 nm). (c) Temperature dependence of luminescence lifetimes estimated by a 
second-ordered exponential function (Eq. (1)). The plots were fitted by the single barrier quenching curves, shown 
in Eq. (3). The fitted curves over 800 K are represented in broken lines.
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Table 8.6. Obtained values by the single barrier quenching curve fitting; the output is the radiative transition rate 
for Eu3+: 5D0 luminescence Γν, the luminescence lifetime at low temperatures τ0, the attempt rate of the nonradiative 
process Γ0, the thermal activation energy Ea, and the quenching temperature T50% 

Γν (103 s−1) τ0 (ms) Γ0 (109 s−1) Ea (cm−1) T50% (K) 

YOCl:Eu3+ 1.021 0.979 75.4 8870 704 

YOBr:Eu3+ 0.664 1.51 1.17 7833 783 

8.4. Discussion 

8.4.1. Difference in Local Environment with Multiple Anions 

In order to characterize a luminescence center ion, deep insight into the local environment is 

inevitable. First, we discuss the geometrical and chemical environments of the Y3+ sites where 

impurity lanthanoid ions are incorporated. As mentioned in section 8.3.1, the YOCl and YOBr 

are isostructural, yet with different coordination environments; the nine-fold monocapped 

square antiprism polyhedron [YO4Cl5] and the eight-fold distorted square antiprism polyhedron 

[YO4Br4]. Both polyhedra have the C4v symmetry despite the different coordination numbers. 

Considering only the geometry of anion polyhedra around Y3+, the eight-fold [YO4Br4] 

polyhedron is similar to the regular square antiprism with the D4 symmetry. In fact, the [YO4Br4] 

polyhedron loses the two-fold rotation axis and belongs to the C4v symmetry.  

The critical difference in shapes of the coordination polyhedron is derived from the 

distance between two [X-Y-O-Y-X] sheets; 1.669(3) Å for the YOCl:Eu3+ and 2.774(2) Å for the 

YOBr:Eu3+. In analogy to the isostructural BiOX (X = F, Cl, Br, I), the two sheets are held together 

by Coulomb interaction between Y3+ and X− and nonbonding van der Waals interaction along 

the [001] direction [28–30]. These bonding and nonbonding interactions are cooperative. For 

the YOCl host, the ionicity of the interaction between Y3+ and ClII
− in the neighboring two sheets 

is strong because of the high electronegativity of Cl. On the contrary, the ionicity of the bonding 

between Y3+ and Br− is weak due to the long bond length stemming from a large ionic radius of 

Br− and the low electronegativity of Br. The nonbonding van der Waals interaction, which is 
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comparatively weak, is dominant between the two [Br-Y-O-Y-Br] sheets, consequently as the 

considerable distance as 2.774(2) Å.  

8.4.2. Judd-Ofelt Analysis Based on PL Spectra 

We perform the Judd-Ofelt analysis of the PL spectra shown in Figure 8.6a with the static model 

[11,18,31]. The detailed procedure is provided below. In this work, we quantitatively 

characterized the Eu3+: 5D0 → 7FJ (J = 0–6) luminescence in the YOX hosts based on the Judd-

Ofelt analysis. Notably, it is possible to perform the Judd-Ofelt analysis for Eu3+-doped 

compounds based not only on an absorption spectrum but also on a PL spectrum. There are two 

reasons; Eu3+: 5D0 emission lines are well-separated, and each ED transition has only one non-

zero squared reduced matrix elements. The spontaneous emission rate of each transition AR(5D0 

→ 7FJ) is used as the input data, which is proportional to the integrated PL intensity in the scale

of photon flux. However, in the PL spectra of the YOX:Eu3+ samples, the 5D1 emission were

overlapped with the 5D0 emission, leading to overestimation of spontaneous emission rates. The

PL spectra were fitted by Voigt functions to eliminate the weak 5D1,2 emission during the

integrating process. While the original profile of 4f-4f emission lines is the Lorentzian shape, the

inhomogeneous broadening is taken into account with the Gaussian component in a Voigt

function. The observed (dot-lines) and reproduced (solid lines) PL spectra were shown in

Figures 8.9a and 8.9b. The number of emission lines of Eu3+ in C4v symmetry had been

calculated by Forsberg [26,32]: a 7F0 line, two 7F1 lines, two 7F2 lines, two 7F3 lines, and four 7F4

lines. However, in the YOCl:Eu3+ sample, only the three 7F4 emission lines were observed because

the first two lines (A1 → E, A1) at around 14500 cm−1 were exactly overlapped [21]. The ten and

eleven Voigt functions for the YOCl:Eu3+ and YOBr:Eu3+ well reproduced the 5D0 emission

spectra.

The calculated values are listed in Table 8.7. The histogram representing the comparison 

of the calculated Judd-Ofelt intensity parameters Ωt (t = 2, 4, 6) is depicted in Figure 8.10a. For 

the comparison, the reported Ωt parameters in some inorganic compounds are listed in Table 

8.8. The branching ratios of the 5D0 luminescence for the YOX hosts are shown in Figure 8.10b 

and Table 8.9.  
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The validity of the Judd-Ofelt analysis is evaluated by comparing the results of the 

luminescence decay measurements. The calculated spontaneous emission rates AR show a 

similar trend to the Γν values determined by the luminescence decay curves. For the YOCl:Eu3+, 

the Γν (= 1.02 × 103 s−1) is greater than for the YOBr:Eu3+ (= 6.64 × 102 s−1), which corresponds 

to the larger AR for the ED transition in the YOCl:Eu3+. However, both Eu3+-doped oxyhalides 

Figure 8.9. Observed PL spectra of the (a) YOCl:Eu3+ and (b) YOBr:Eu3+ samples (shown in dot-lines) and 
reproduced emission lines of the 5D0 → 7F0–4 transition with Voight functions.
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YOX have some differences between the experimental lifetime τ0 and the calculated lifetime τR 

values. The AR also depends on the refractive index of the host material. Thus, the difference can 

be caused by the error of the refractive index used for the calculation.  

It is considered that the Ω2 parameter correlates with the site asymmetry around Eu3+ 

[33]. The Ω2 parameter of the YOCl:Eu3+ takes 8.81 × 10−20 cm2, comparable to that of Y2O3:Eu3+ 

(9.86 × 10−20 cm2) [34] or YVO4:Eu3+ (7.49 × 10−20 cm2) [35] which are known to be phosphors 

with a high Ω2 parameter (Table 8.8). It is due to the noncentrosymmetric nine-fold [Eu3+O4Cl5] 

structure with the C4v symmetry. For the YOBr:Eu3+, despite the same site symmetry C4v, the Ω2 

parameter is 2.72 × 10−20 cm2, which is less than one-third of the YOCl:Eu3+. As mentioned in 

section 8.4.1, the main difference in the local environment around Eu3+ ions between the YOCl 

and YOBr is the coordination number of halide ions. In the YOBr host, Eu3+ ions occupy the 

Figure 8.10. (a) Histogram of calculated Judd-Ofelt intensity parameters Ωt (t = 2, 4, 6) for the YOX:Eu3+ samples, 
based on the PL spectra shown in Figure 8.6a. (b) Histogram of the branching ratios of 5D0 → 7FJ (J = 0–6) transition 
for Eu3+ ions in the YOX hosts.
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eight-fold distorted square antiprism structure [Eu3+O4Br4], whose geometry is similar to a 

regular square antiprism with the D4 symmetry. According to Judd, the hypersensitive 5D0 → 7F2 

ED transition described by the Ω2 parameter is observed remarkably not in the D4 but in the C4v 

symmetry [36]. For the eight-fold [Eu3+O4Br4] polyhedron, the pseudo-D4 character may cause 

a significant Ω2 difference between the YOCl and YOBr hosts with coordination number 

decreasing although the actual symmetry is C4v. It is found that the Ω2 parameter correlated with 

the asymmetry cannot be determined only by the site symmetry. The shape of a coordination 

polyhedron around Eu3+ should be considered to control the Ω2 parameter which determines 

the spontaneous emission rate of the hypersensitive 5D0 → 7F2 ED transition at 620–630 nm.  

The Ω4 and Ω6 parameters are considered to show a similar trend to the variation of the 

local environment [36]. A few previous studies reported that the Ω4,6 parameters correlate with 

the covalency of a Ln3+-O2− bonding [37,38]. Table 8.8 shows the tendency for the inorganic 

crystalline materials in the magnitude of the Ω4 parameters. The Ω4 parameters for the YOX:Eu3+ 

samples are considerably large (11.4 × 10−20 cm2 for the YOCl:Eu3+ and 13.1 × 10−20 cm2 for the 

YOBr:Eu3+). Both the Ω4 and Ω6 parameters for the YOBr:Eu3+ are larger than those for the 

isostructural YOCl:Eu3+. Considering the electronegativity of anions, chlorine and bromine have 

the smaller Pauling electronegativities χp (χp(Cl) = 3.16 and χp(Br) = 2.96) than oxygen (χp(O) = 

3.44) [39]. Thus, the YOX can be regarded as more covalent host material compared with many 

oxides. In the case of a comparison between the isostructural YOCl:Eu3+ and YOBr:Eu3+, the Y3+-

Br− bonding is more covalent than the Y3+-Cl− bonding. In fact, the results of the Ω4 and Ω6 

parameters for the YOX:Eu3+ followed this tendency of covalency. Especially, the coordination 

of covalent Br contributes to the significant Ω4,6 parameters in the YOBr:Eu3+. The large Ω4 is 

also confirmed in the covalent host Y2O2S (= 10.2 × 10−20 cm2). Although Eu3+-doped oxides 

show various Ω4 values with the compositional and structural differences, all the values are 

smaller than those of the covalent YOX and Y2O2S hosts. Fluorides show the small Ω4 values due 

to the large electronegativity of fluorine (χp(F) = 3.98) [39]. The vanadates and phosphates, 

which form the oxide tetrahedron unit with strong bonding and give less covalency to Eu3+, have 

very small values. These results support that the Ω4,6 parameters are correlated with the bonding 
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character between Eu3+ and coordinating anions. 

Compared with other Eu3+-doped phosphors, the YOX:Eu3+ takes a considerably large Ω4 

value by the covalent properties of halide anions. Moreover, the Ω2 parameter is controlled by 

the shape of the anion polyhedron, which cannot be described only by the site symmetry in the 

YOX:Eu3+. Those results will give us information to design the luminescence spectral 

distribution. Remarkably, the YOBr:Eu3+ exhibits a high branching ratio of the 5D0 → 7F4 

transition over 50% due to both small Ω2 and large Ω4 parameters in a unique Y3+ site. The 5D0 

→ 7F4 luminescence is located at 680–710 nm, where the transmittance of bio-tissues is high,

and the sensitivity of a Si detecter is high (the so-called first biological window) [40,41]. The

Eu3+-doped covalent oxybromide with the intense 5D0 → 7F4 luminescence is expected as a

candidate for bio-imaging phosphor with the first biological window.

Table 8.7. Calculated values based on the Judd-Ofelt analysis; the output is the Judd-Ofelt intensity parameters Ωt 
(t = 2, 4, 6), the spontaneous emission rates of the 5D0 → 7FJ MD and ED transition AR(7FJ) (J = 1, 2, 4, 6), and the 
radiative lifetime τR, for Eu3+ ions in the YOCl and YOBr hosts 

Ω2 

(10−20 cm2) 

Ω4 

(10−20 cm2) 

Ω6 

(10−20 cm2) 

AR(7F1) 

(102 s−1) 

AR(7F2) 

(102 s−1) 

AR(7F4) 

(102 s−1) 

AR(7F6) 

(102 s−1) 

τR 

(ms) 

YOCl 8.81 11.4 0.982 1.10 6.49 4.09 0.0223 0.821 

YOBr 2.72 13.1 2.66 1.11 2.00 4.64 0.0620 1.19 
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Table 8.8. Calculated Judd-Ofelt intensity parameters Ωt (t = 2, 4, 6) for a variety of Eu3+-doped crystalline materials 
in order of the Ω4 parameters 

host compounds Ω2 (10−20 cm2) Ω4 (10−20 cm2) Ω6 (10−20 cm2) 

YOBr (this work) 2.72 13.1 2.66 

YOCl (this work) 8.81 11.4 0.982 

Y2O2S [42] 13.0 10.2 — 

α-Y2Si2O7 [41] 3.95 7.22 — 

YAlO3 [43] 2.66 6.33 0.8 

YSiO2N [40] 7.58 3.41 — 

α-CaSiO3 [42] 3.69 2.79 — 

CaF2 [44] 0.73 2.53 — 

Y2O3 [45] 9.86 2.23 < 0.32 

Gd2O3 [46] 15.6 1.42 — 

Lu2O3 [46] 12.2 1.2 — 

LaF3 [48] 1.19 1.16 0.39 

YVO4 [35] 7.49 0.47 — 

YPO4 [35] 0.78 0.38 — 

Table 8.9. Branching ratios (%) of the Eu3+: 5D0 → 7FJ (J = 0–6) transition in the YOCl and YOBr hosts 

5D0 → 7FJ 

J = 0 J = 1 J = 2 J = 3 J = 4 J = 5 J = 6 

YOCl 2.05 9.02 53.3 1.51 33.6 0.322 0.183 

YOBr 0.860 13.2 23.8 5.46 55.2 0.748 0.738 
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8.4.3. Relaxation Dynamics of Excited States in YOX:Eu3+ 

In this section, we discuss the dynamics of the excited states for Eu3+ ions in the YOX hosts. As 

shown in section 8.3.4, Eu3+ luminescence in the YOX hosts quenches at high temperatures (> 

600 K). First, we consider the validity of the single barrier quenching model used for the fitting 

in Figure 8.8c. There are two possible quenching processes for Eu3+: 5D0 luminescence; the 

multiphonon relaxation (MPR) and the thermal activation via the CT states. The MPR rate to 

the lower 7F6 level can be low because the energy difference is as large as ~12300 cm−1 and the 

maximum phonon energy of the YOX hosts is only ~600 cm−1 due to the vibrational mode of 

the Y-O bonding [48]. Therefore, the possible thermal quenching process is the thermal 

activation via the CT states with a single potential barrier. The relaxation process from the 5D0 

to the 7FJ ground states through the CT states is a typical quenching process [49]. Dorenbos 

reported that there is a clear trend between the quenching temperature and the CT energy 

position. From this trend, the lower CT energy leads to a lower quenching temperature. In the 

PLE spectra (Figures 8.4 and 8.5), the CT energy related to the Eu3+-X− CT states are determined 

to be 38163 cm−1 for the YOCl:Eu3+ and 36686 cm−1 for the YOBr:Eu3+. The results that the larger 

thermal activation energy of the YOCl:Eu3+ (Ea = 8870 cm−1), compared with the YOBr:Eu3+ (Ea 

= 7833 cm−1), corresponds to the prediction from the quenching model through the CT states.  

In Figure 8.6c, the 5D1 and 5D2 luminescence intensity ratio considerably depends on 

excitation pathways. The principal relaxation process after the 4f-4f excitation is the MPR from 

one excited 4f level to the next lower level. Once Eu3+ ions are excited through the 5L6 ← 7F0 

transition, they relax down into 5DJ levels with several phonons emission because of the small 

energy difference between two adjacent 4f levels (5L6–5D3: 1500 cm−1, 5D3–5D2: 2400 cm−1, 5D2–
5D1: 2500 cm−1, and 5D1–5D0: 1700 cm−1) [50]. On the other hand, the weak 5D1 and 5D2 

luminescence with respect to the 5D0 luminescence under the CT excitation (Figure 8.6a) can be 

explained by the weak feeding process from the CT to the 5D1,2 states and the strong feeding 

process to the 5D0 state. Based on these results, the activation energy to the 5D0 state is smaller 

than that to the 5D1 and 5D2 states. Nevertheless, the very weak 5D1 and 5D2 luminescence even 

at low temperatures are due to a small contribution of the tunneling effect.  
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Although the 5D0 luminescence is not quenched up to ~600 K from the lifetime analysis, 

the PL intensity of the Eu3+: 5D0 luminescence in the YOX hosts monotonously decreases from 

100 K with temperature (Figure 8.7c). As mentioned above, the excited Eu3+ ions with the CT 

transition relax to the minimum of the potential curve and then relax to the 5D0 initial state of 

the radiative transition. If all of the population of CT states relax to the 5D0 state, the temperature 

dependence of PL intensity follows that of PL lifetime. The observed difference between the 

temperature dependence of PL and lifetime can be caused by the temperature dependence of the 

feeding process. It is assumed that the CT states have another relaxation route via an intersection 

with the 7F6 state. Therefore, the monotonous decreasing PL intensity is observed even in the 

temperature range where the 5D0 lifetime is unchanged. 

In order to explain the obtained results, the conventional coordinate diagrams (CCD) of 

the YOX:Eu3+ are constructed and shown in Figure 8.11. R0 represents the equilibrium position 

of a Eu3+ ion to a ligand. The offset of the 4f states does not change because the Eu3+-ligands 

distances are almost the same between the ground and excited states. In contrast, the offset of 

the CT parabolas is very large [49,51]. We assumed that the parabolas for the CT states have the 

same curvature as that for the 4f states. The bottom energy of the CT and the offset value are not 

determined quantitatively by the obtained results. On the other hand, based on the results of the 

tunneling process from the CT to the 5D1,2 states, the relaxation process from the CT to the 5D0 

and 7FJ states, and the activation energy from the 5D0 to the CT states, the bottom of the CT 

parabolas should be located above the 5D2 level (~21500 cm−1) and between two parabolas of the 
5D0 and 7F6 states, as shown in Figure 8.11. It is clear that the CT states play a crucial role in the 

dynamics of the excitation process. The large offset of the CT states in the YOX:Eu3+ is 

disadvantageous to the relaxation from the CT to 5D0 states for the efficient and thermally stable 
5D0 luminescence. Tailoring the small lattice relaxation following the CT excitation is also 

essential to develop the novel Eu3+-activated phosphors with high efficiency and thermal stability. 

In this CCD, the values of Sħω (S, ħ, and ω are the Huang-Rhys factor, the Dirack constant, and 

the phonon energy, respectively,) are 12271 cm−1 for the YOCl:Eu3+ and 11995 cm−1 for the 

YOBr:Eu3+. Since Eu3+ do not show CT luminescence, the Sħω cannot be determined directly 
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from the Stokes shift (2Sħω). In contrast, the Yb3+-doped materials can show CT luminescence, 

and the Sħω values are reported between 3000–8750 cm−1 [46]. Considering the phonon energy 

of the Y-X and the comparison with the values for Yb3+ CT luminescence, the Sħω values for the 

YOX:Eu3+ are large. It is not clear at the present that the obtained large Sħω in YOX:Eu3+ is 

reasonable or not. To determine the precise position of the CT parabolas, further investigation 

for the dynamics of the excited states related to the CT states in Eu3+-doped materials is necessary. 

Figure 8.11. Configuration coordinate diagram of Eu3+ 4f6 levels and Eu3+-X− charge transfer states for the 
YOX:Eu3+. Arrows depicted in the diagram represent the pathways of excitation, luminescence, and relaxation 
processes. 
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8.5. Conclusions 

The influence of the anion variation on Eu3+: 5DJ luminescence in the isostructural YOX (X = Cl 

or Br) hosts, yet with the different coordination environment, was investigated from the 

spectroscopic perspective. For Eu3+ ions in the YOCl host incorporated in the nine-fold 

monocapped square antiprism polyhedra [YO4Cl5] with the noncentrosymmetric C4v symmetry, 

the Judd-Ofelt Ω2 parameter of the YOCl:Eu3+ was 8.81 × 10−20 cm2, comparable to the Eu3+-

doped oxides Y2O3 or YVO4. The Ω4 parameter also took a large value, 11.4 × 10−20 cm2. On the 

other hand, the YOBr host consisted of the eight-fold distorted square antiprism [YO4Br4] with 

the C4v symmetry due to the large separation of two [Br-Y-O-Y-Br] sheets attributed to the 

covalency of Br. The Ω2 parameter of the YOBr:Eu3+ was relatively small, 2.72 × 10−20 cm2, 

because of the structural similarity to the eight-fold regular square antiprism with the D4 

symmetry. The Ω4 parameter was also significantly large, 13.1 × 10−20 cm2, due to the strongly 

covalent environment [Eu3+O4Br4]. The charge transfer band energies ECT for the YOCl:Eu3+ and 

YOBr:Eu3+ were estimated to be 38163 cm−1 and 36686 cm−1, respectively. The smaller ECT for 

the YOBr:Eu3+ resulted in the low thermal activation energy of the 5D0 luminescence quenching. 

The difference in the relaxation processes of excited electrons between the charge transfer and 

4f-4f transitions made the precise assignment of complicated spectral structures possible. The 

large offset of the charge transfer states in the configuration coordinate diagram for the YOX: 

Eu3+ caused thermally unstable and inefficient Eu3+ luminescence with the charge transfer 

transition. This work reveals that the Judd-Ofelt intensity parameters Ωt are significantly affected 

by the geometry of coordination polyhedra and the bonding character between Eu3+ ions and 

coordinating anions. The mixed-anion host materials with the regular square antiprism-like 

local geometry have the great potential to show the intense 5D0 → 7F4 luminescence located at 

~700 nm, which is desirable as a fluorescence probe in biological applications.  



Chapter 8. Difference of Eu3+ Luminescence Properties in YOCl and YOBr Oxyhalide Hosts 

235 

Acknowledgements 

This work was supported by JSPS Grant-in-Aid for Scientific Research on Innovative Areas 

“Mixed-Anion” (Grant Number JP16H06439 and JP16H06441) and JSPS fellow (Grant Number 

JP19J23280). The SXRD experiments were performed at the BL02B2 of SPring-8 with the 

approval of JASRI (2019B1764). 

References 
[1] W.M. Yen, S. Shionoya, H. Yamamoto, “PHOSPHOR HANDBOOK”. (second ed., CRC Press, Boca

Raton, 2007)

[2] K. Binnemans, “Interpretation of europium(III) spectra”. Coord. Chem. Rev. 295 (2015) 1–45.

[3] A. Abdel-Kader, M.M. Elkholy, “Cathodoluminescence emission spectra of trivalent europium-
doped yttrium oxysulphide”. J. Mater. Sci. 27 (1992) 2887–2895.

[4] L. Ozawa, M. Itoh, “Cathode Ray Tube Phosphors”. Chem. Rev. 103 (2003) 3835–3855.

[5] O.J. Sovers, T. Yoshioka, “Fluorescence of Trivalent-Europium-Doped Yttrium Oxysulfide”. J.
Chem. Phys. 49 (1968) 4945–4954.

[6] N.C. Chang, “Fluorescence and stimulated emission from trivalent europium in yttrium oxide”. J.
Appl. Phys. 34 (1963) 3500–3504.

[7] T. Jüstel, H. Nikol, C. Ronda, “New developments in the field of luminescent materials for lighting
and displays”. Angew. Chem. Int. Ed. Engl. 37 (1998) 3084–3103.

[8] C.R. Ronda, T. Jüstel, H. Nikol, “Rare earth phosphors: Fundamentals and applications”. J. Alloys
Compd. 275–277 (1998) 669–676.

[9] Y. Hu, W. Zhuang, H. Ye, D. Wang, S. Zhang, X. Huang, “A novel red phosphor for white light
emitting diodes”. J. Alloys Compd. 390 (2005) 226–229.

[10] P. Du, X. Huang, J.S. Yu, “Facile synthesis of bifunctional Eu3+-activated NaBiF4 red-emitting
nanoparticles for simultaneous white light-emitting diodes and field emission displays”. Chem. Eng.
J. 337 (2018) 91–100.

[11] Y. Kitagawa, J. Ueda, M.G. Brik, S. Tanabe, “Intense hypersensitive luminescence of Eu3+-doped
YSiO2N oxynitride with near-UV excitation”. Opt. Mater. 83 (2018) 111–117.



Chapter 8. Difference of Eu3+ Luminescence Properties in YOCl and YOBr Oxyhalide Hosts 

236 

[12] Q. Zhang, X. Wang, X. Ding, Y. Wang, “A Potential Red-Emitting Phosphor BaZrGe3O9:Eu3+ for
WLED and FED Applications: Synthesis, Structure, and Luminescence Properties”. Inorg. Chem.
56 (2017) 6990–6998.

[13] B. Mitchell, V. Dierolf, T. Gregorkiewicz, Y. Fujiwara, “Perspective: Toward efficient GaN-based
red light emitting diodes using europium doping”. J. Appl. Phys. 123 (2018) 160901 (12p).

[14] J.F. Suyver, A. Meijerink, “Europium beveiligt de euro”. Chem. Weekbl. 98 (2002) 12–13.

[15] H. Kageyama, K. Hayashi, K. Maeda, J.P. Attfield, Z. Hiroi, J.M. Rondinelli, K.R. Poeppelmeier,
“Expanding frontiers in materials chemistry and physics with multiple anions”. Nat. Commun. 9
(2018) 772 (15p).

[16] B.R. Judd, “Optical absorption intensities of rare-earth ions”. Phys. Rev. 127 (1962) 750–761.

[17] G.S. Ofelt, “Intensities of Crystal Spectra of Rare-Earth Ions”. J. Chem. Phys. 37 (1962) 511–520.

[18] M.P. Hehlen, M.G. Brik, K.W. Krämer, “50th anniversary of the Judd-Ofelt theory: An
experimentalist’s view of the formalism and its application”. J. Lumin. 136 (2013) 221–239.

[19] F.A. Bannister, “The crystal-structure and optical properties of matlockite (PbFC1)”. Mineral. Mag.
23 (1934) 587–597.

[20] G. Blasse, A. Bril, “Fluorescence of Eu3+-activated lanthanide oxyhalides LnOX”. J. Chem. Phys. 46
(1967) 2579–2582.

[21] J. Hölsä, P. Porcher, “Free ion and crystal field parameters for REOCl:Eu3+”. J. Chem. Phys. 75
(1981) 2108–2117.

[22] J. Hölsä, P. Porcher, “Crystal field effects in REOBr:Eu3+”. J. Chem. Phys. 76 (1982) 2790–2797.

[23] F. Izumi, K. Momma, “Three-dimensional visualization in powder diffraction”. Solid State Phenom.
130 (2007) 15–20.

[24] R.D. Shannon, “Revised effective ionic radii and systematic studies of interatomic distances in
halides and chalcogenides”. Acta Crystallogr. A. 32 (1976) 751–767.

[25] K. Momma, F. Izumi, “VESTA 3 for three-dimensional visualization of crystal, volumetric and
morphology data”. J. Appl. Crystallogr. 44 (2011) 1272–1276.

[26] J.H. Forsberg, “Complexes of lanthanide (III) ions with nitrogen donor ligands”. Coord. Chem. Rev.
10 (1973) 195–226.

[27] J. Ueda, P. Dorenbos, A.J.J. Bos, A. Meijerink, S. Tanabe, “Insight into the Thermal Quenching
Mechanism for Y3Al5O12:Ce3+ through Thermoluminescence Excitation Spectroscopy”. J. Phys.



Chapter 8. Difference of Eu3+ Luminescence Properties in YOCl and YOBr Oxyhalide Hosts 

237 

Chem. C. 119 (2015) 25003–25008. 

[28] K.L. Zhang, C.M. Liu, F.Q. Huang, C. Zheng, W.D. Wang, “Study of the electronic structure and
photocatalytic activity of the BiOCl photocatalyst”. Appl. Catal. B. 68 (2006) 125–129.

[29] J. Li, Y. Yu, L. Zhang, “Bismuth oxyhalide nanomaterials: Layered structures meet photocatalysis”.
Nanoscale. 6 (2014) 8473–8488.

[30] A.M. Ganose, M. Cuff, K.T. Butler, A. Walsh, D.O. Scanlon, “Interplay of Orbital and Relativistic
Effects in Bismuth Oxyhalides: BiOF, BiOCl, BiOBr, and BiOI”. Chem. Mater. 28 (2016) 1980–1984.

[31] O.L. Malta, L.D. Carlos, “Intensities of 4f-4f transitions in glass materials”. Quim. Nova. 26 (2003)
889–895.

[32] P.A. Tanner, “Some misconceptions concerning the electronic spectra of tri-positive europium and
cerium”. Chem. Soc. Rev. 42 (2013) 5090–5101.

[33] S. Tanabe, T. Ohyagi, N. Soga, T. Hanada, “Compositional dependence of Judd-Ofelt parameters
of Er3+ ions in alkali-metal borate glasses”. Phys. Rev. B 46 (1992) 3305–3310.

[34] Ž. Antić, R. Krsmanović, V. Ðorđević, T. Dramićanin, M.D. Dramićanin, “Optical properties of
Y2O3:Eu3+ red emitting phosphor obtained via spray pyrolysis”. Acta Phys. Pol. A. 116 (2009) 622–
624.

[35] G. Pan, H. Song, Q. Dai, R. Qin, X. Bai, B. Dong, L. Fan, F. Wang, “Microstructure and optical
properties of Eu3+ activated YV1−xPxO4 phosphors”. J. Appl. Phys. 104 (2008) 084910 (9p).

[36] B.R. Judd, “Hypersensitive transitions in rare-earth ions”. J. Chem. Phys. 44 (1966) 839–840.

[37] Y. Nageno, H. Takebe, K. Morinaga, “Correlation between Radiative Transition Probabilities of
Nd3+ and Composition in Silicate, Borate, and Phosphate Glasses”. J. Am. Ceram. Soc. 76 (1993)
3081–3086.

[38] Y. Nageno, H. Takebe, K. Morinaga, T. Izumitani, “Effect of modifier ions on fluorescence and
absorption of Eu3+ in alkali and alkaline earth silicate glasses”. J. Non-Cryst. Solids. 169 (1994) 288–
294.

[39] A.L. Allred, “Electronegativity values from thermochemical data”. J. Inorg. Nucl. Chem. 17 (1961)
215–221.

[40] A.M. Smith, M.C. Mancini, S. Nie, “Bioimaging: second window for in vivo imaging”. Nat.
Nanotechnol. 4 (2009) 710–711.

[41] E. Hemmer, A. Benayas, F. Légaré, F. Vetrone, “Exploiting the biological windows: current
perspectives on fluorescent bioprobes emitting above 1000 nm”. Nanoscale Horiz. 1 (2016) 168–



Chapter 8. Difference of Eu3+ Luminescence Properties in YOCl and YOBr Oxyhalide Hosts 

238 

184. 

[42] O.J. Sovers, M. Ogawa, T. Yoshioka, “Detailed branching ratios for M2O2S: Eu3+, Tb3+ and Pr3+

fluorescence from Judd-Ofelt intensity theory”. J. Lumin. 18–19 (1979) 336–340.

[43] M.J. Weber, T.E. Varitimos, B.H. Matsinger, “Optical intensities of rare-earth ions in yttrium
orthoaluminate”. Phys. Rev. B 8 (1973) 47–53.

[44] E. Cantelar, J.A. Sanz-García, A. Sanz-Martín, J.E. Muñoz Santiuste, F. Cussó, “Structural,
photoluminescent properties and Judd-Ofelt analysis of Eu3+-activated CaF2 nanocubes”. J. Alloys
Compd. 813 (2020) 152194 (9p).

[45] M.J. Weber, “Radiative and multiphonon relaxation of rare-earth ions in Y2O3”. Phys. Rev. 171
(1968) 283–291.

[46] R.M. Krsmanović Whiffen, Ž. Antić, A. Speghini, M.G. Brik, B. Bártová, M. Bettinelli, M.D.
Dramićanin, “Structural and spectroscopic studies of Eu3+ doped Lu2O3–Gd2O3 solid solutions”.
Opt. Mater. 36 (2014) 1083–1091.

[47] H.M. Crosswhite, H.W. Moos, “Optical Properties of Ions in Crystals”. (John Wiley & Sons, New 
York, 1967)

[48] G. Shwetha, V. Kanchana, M.C. Valsakumar, “Excitonic effects in oxyhalide scintillating host
compounds”. J. Appl. Phys. 116 (2014) 133510 (9p).

[49] P. Dorenbos, “The hole picture as alternative for the common electron picture to describe hole
trapping and luminescence quenching”. J. Lumin. 197 (2018) 62–65.

[50] A.A. Kaminskii, “Crystalline Lasers: Physical Processes and Operating Schemes”. (CRC Press,
Boca Raton, 1996).

[51] C.W. Struck, W.H. Fonger, “Role of the charge-transfer states in feeding and thermally emptying
the 5D states of Eu+3 in yttrium and lanthanum oxysulfides”. J. Lumin. 1–2 (1970) 456–469.



239 

Chapter 9  
Characterization of Charge Transfer 

Luminescence of [WO6]6− Octahedron and 

[WO5]4− Square Pyramid with Ab initio Energy 

Level Calculation 

Abstract 
Charge transfer (CT) luminescence of different polyhedra of [WO5]4− in Ca3WO5Cl2 and [WO6]6− in 

Ca3WO6 are characterized by spectroscopy and the ab initio molecular orbital calculation. W6+ ions form 

five-fold [WO5]4− square pyramids in Ca3WO5Cl2 because of a long interatomic distance between W6+ 

and Cl− of 3.29 Å. A broad luminescence band peaking at 488 nm of the single-crystal Ca3WO5Cl2 is 

observed, assigned to the CT transition from W 5d to O 2p orbitals in the [WO5]4− square pyramid. 

Compared with the [WO6]6− octahedron in Ca3WO6, the [WO5]4− square pyramid shows the higher CT 

absorption and lower luminescence energies, which cannot be explained by the simple molecular orbital 

energy levels in the typical tungstates. The ab initio configuration interaction calculation with the 

relativistic discrete-variational multi-electron (DVME) method indicates that the Madelung potential 

related to Cl− ions in the structure of Ca3WO5Cl2 causes the upward energy shift of the CT states of the 

[WO5]4− square pyramid. The redshift of the CT luminescence and small activation energy for thermal 

quenching of the Ca3WO5Cl2 are explained, assuming that the CT state of the [WO5]4− square pyramid 

takes a larger offset in the configurational coordinate diagram than that of the [WO6]6− octahedron. 
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9.1. Introduction 

With the remarkable development and innovation of optoelectronics, researchers have reported 

many new functional luminescent materials. Many highly efficient phosphors and scintillators 

are activated by a small amount of impurity, including lanthanoid ions and transition metal ions, 

in a ceramic host. The luminescence center is not always caused by the intrinsic transition of 

such an impurity ion. The tungstate ion is one example of the luminescence center in an 

inorganic ceramic compound. The mineral scheelite, which has a chemical composition of 

CaWO4, shows blue luminescence under UV light illumination [1,2]. Other scheelite-type 

materials M2+WO4 (M = Mg, Sr, Ba, Cd, and Pb) also show the visible luminescence due to the 

charge transfer (CT) transition between W6+ and O2− ions, whose luminescence properties 

depend on the characteristics of M2+ ions [3–7]. These scheelite-type materials have been well-

known for over 80 years, and there is much literature about the systematical studies on structural, 

electronical, and compositional features [8]. In particular, CdWO4 and PbWO4 have been well 

developed for scintillator applications due to the high density, the high effective atomic number, 

and the suitable emission wavelength for detection [9–11]. In the scheelite-type structure, the 

[WO4]2− tetrahedra are isolated in a tetragonal lattice without any corner, edge, and face sharing 

with other tetrahedra. The slightly distorted [WO4]2− tetrahedron with S4 symmetry acts as the 

luminescence center, leading to the efficient luminescence with a decay rate on the order of 100–

2 µs [1,8,12]. The observed luminescence in the scheelite-type materials is attributed to the CT 

transition between O 2p and W 5d orbitals in a [WO4]2− tetrahedron. In order to understand the 

energy level structure of a [WO4]2− tetrahedron and discuss the radiative electronic transition 

resulting in CT luminescence, one has to consider many factors, such as the crystal field splitting 

of W 5d levels, the molecular orbitals (MO) composed of O 2p and W 5d orbitals, the large spin-

orbit interaction of W caused by the relativistic effect, and the site-symmetry of a tetrahedron. 

The CT luminescence in the scheelite-type MWO4 is well understood with a three-level energy 

scheme [8,13]. The MO calculation of a [WO4]2− tetrahedron with Td symmetry reveals the 

highest occupied MO (HOMO) of t1 and the lowest unoccupied MO (LUMO) of 2e, leading to 

the ground state (1A1) and excited states (3T1 ≤ 3T2 < 1T1 < 1T2). Although the absorption and 
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luminescence energies vary slightly depending on the crystal field strength and the site-

symmetry of a tetrahedron, the relevant processes are considered to be the 1T1 ← 1A1 spin-

allowed transition (absorption) and the 3T1 → 1A1 spin-forbidden transition (luminescence), 

respectively. The initial level of luminescence 3T1 is split into two because of the spin-orbit 

interaction [13]. The simple model explains the mechanism of CT luminescence in tungstates 

as long as the coordination polyhedra are approximated to be the regular tetrahedron with Td 

symmetry or the regular octahedron with Oh symmetry.  

In terms of the exploration of various CT luminescence in tungstates, much previous work 

has focused on the oxide compounds [14–16]. However, considering the ratio of ionic radii for 

O2− (1.35–1.42 Å) and W6+ (0.42–0.60 Å) [17], the possible coordination polyhedra are generally 

restricted to be a [WO4]2− tetrahedron and a [WO6]6− octahedron. As these polyhedra are usually 

rigid, we cannot expect further distortion from Td or Oh symmetry, leading to the poor variation 

of the crystal field splitting for W 5d levels. Although the luminescent properties of tungstates 

depend on the M2+ ions in the structure, it is difficult to achieve the desirable properties because 

M2+ ions are not directly involved in the electronic structure of the [WO4]2− or [WO6]6− 

polyhedra. For improvement in the variation of the local environments, mixed-anion 

coordination by replacing an O2− ion with a different anion can be a good strategy to introduce 

further distortion in a coordination polyhedron. We can expect the mixed-anion coordination 

to cause a tunable crystal field splitting and local asymmetry [18]. There are only a few reports 

about the CT luminescence in mixed-anion tungstates [19,20]. Blasse reported that the 

oxychloride La3WO6Cl3, which has the remarkable [WO6]6− trigonal prism with C3h symmetry, 

showed the CT luminescence with a smaller Stokes shift (~10500 cm−1) than other tungstates 

with a [WO6]6− octahedron (~12000 cm−1) and a [WO4]2− tetrahedron (~15000 cm−1) [20]. 

Recently, Ayer et al. reported the scintillation properties of the oxyfluoride BaWO2F4, in which 

the W6+ ion form the cis-[WO2F4]2− distorted octahedron with C2v symmetry [21]. BaWO2F4 

showed the green luminescence peaking at ~520 nm with a high quantum yield under UV light 

illumination. Because of the limitation of the material variation and the MO calculation 

technique, the CT luminescence of tungstates with various coordination has not been explored 
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widely. 

In this study, we have focused on the oxychloride Ca3WO5Cl2, which has unique 

coordination around a W6+ ion with a square pyramid structure, [WO5]4− [22]. This compound 

is isostructural to Ca3ReO5Cl2. The single-crystal Ca3ReO5Cl2 shows pleochroism because of the 

unique [ReO5]4− square pyramid with Cs symmetry, which causes the polarization-dependence 

of the selection rule for the d-d transition of Re6+ [23]. The square-pyramidal [WO5]4− structure 

is derived from the large Cl− ion substitution in a typical [WO6]6− octahedron, possibly leading 

to the unique CT luminescence. We characterize the luminescence properties of the single-

crystal Ca3WO5Cl2 and double perovskite Ca3WO6, which has the same cation ratio as 

Ca3WO5Cl2 and the [WO6]6− octahedra with Ci symmetry in a lattice. In addition, we investigate 

the MO and multiplet energy levels of the [WO5]4− and [WO6]6− polyhedra with the ab initio 

non-relativistic and relativistic MO calculation using the discrete-variational Xα (DV-Xα) 

method and configuration interaction (CI) calculation using the DV multi-electron (DVME) 

method and discuss the mechanism of CT luminescence in the single-crystal Ca3WO5Cl2 and 

Ca3WO6. Compared with the density functional theory (DFT) calculation, the DV methods have 

the following advantages; (1) the four-components wavefunction enables to perform the full-

relativistic calculation with a small calculation cost, (2) the DV calculation of the electronic 

transition between the multiplet states can consider both multi-electron effect and spin-orbit 

interaction, and (3) in the DVME method, the linear combination of Slater determinants 

represent the specific wavefunctions of the multiplet excited states, which enable to calculate the 

excited states with the minimum basis functions like the ground state [24,25]. 

9.2. Experimental Section 

9.2.1. Preparation of Single-Crystal Sample 

The single-crystal oxychloride Ca3WO5Cl2 and oxide Ca3WO6 samples were grown by a flux 

method. The starting chemicals CaO, WO3, and CaCl2 in a molar ratio of 17:4.1:1 were mixed in 

an agate mortar in an argon-filled glove box, and the mixture was put in a gold tube and sealed 
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in an evacuated quartz ampoule. The ampoule was heated at 1030 °C and then slowly cooled 

with two steps; (1) to 1020 °C for 60 h, and (2) to 800 °C for 240 h. After cooling to room 

temperature for 4 h, the crystals were obtained after excess CaCl2 flux was washed away by 

distilled water. The crystalline phase of the obtained crystals was identified by X-ray diffraction. 

For spectroscopic characterization at low temperatures, the single-crystal samples were attached 

to a copper specimen holder with carbon tape. 

9.2.2. Spectroscopic Characterization 

Diffuse transmittance spectra of the single-crystal samples at room temperature were measured 

with a UV-VIS-NIR spectrometer (UV-3600, Shimadzu) equipped with an integrating sphere. 

The photoluminescence excitation (PLE) spectra at 4 K were measured by monochromatic 

excitation light with a 500 W Xe short arc lamp (OPM2-502XQ, Ushio Inc.) equipped with a 

double monochromator system by two monochromators (SP-300i, Acton Research Corp.), 

detected by using a photomultiplier tube (PMT) detector (R10699, Hamamatsu Photonics) 

coupled with a monochromator (SP-2300i, Princeton Instruments). The obtained PLE spectra 

were calibrated by the spectrum of the Xe lamp (light source) detected by a calibrated Si 

photodiode (S1337-1010BQ, Bunkoukeiki Co., Ltd.). For the photoluminescence measurements 

at low temperatures (T = 4–300 K), the sample was excited by the monochromatic light of the 

Xe lamp, and luminescence was detected with a CCD spectrometer (QE65Pro, Ocean Optics) 

connected with an optical fiber. The obtained PL spectra were calibrated by the spectrum of a 

calibrated deuterium-tungsten halogen light source (DH-2000, Ocean Optics). The sample 

temperatures were controlled by a cryostat with a closed-cycle He gas cryogenic refrigerator 

(CRT-A020-SE00, Ulvac Cryogenics). 

9.2.3. Ab initio Molecular Orbital Calculation 

In order to prepare the model clusters for MO calculations, the geometrical optimizations with 

the density functional theory (DFT) for the crystal structures of Ca3WO5Cl2 and Ca3WO6 were 

performed by the CASTEP module [26] of the Materials Studio 2021 package. The exchange-

correlation functional was represented by the generalized gradient approximation (GGA) of 
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Perdew-Burke-Ernzerhof functional for solids (PBEsol) [27]. The ionic core electrons were 

replaced by on-the-fly ultrasoft pseudopotentials implemented in the CASTEP [28]. Relativistic 

effects were taken into account at the level of the Koelling-Harmon approximation of the Dirac 

equation [29]. The plane-wave basis cut-off energy and k-point grids were 571.4 eV and 1 × 1 × 

3, respectively.  

The molecular orbital (MO) energy level and multiplet energy level diagrams were 

estimated by the non-relativistic and relativistic discrete-variational Xα (DV-Xα) method 

[24,30] and the DV multi-electron (DVME) method [25,31]. The detailed analyses of CT states 

using the DVME method were reported for transition metal ions in alumina [32], rare-earth 

ions in fluorite [33], and Eu3+ in Y2O3 and Y2O2S [34]. The [WO5]4− and [WO6]6− clusters were 

taken from the optimized structure with DFT calculation. The model clusters are depicted in 

Figure 9.1, and the interatomic distances between W6+ ion and ligands are listed in Table 9.1. 

The effective Madelung potential was produced by surrounding the cluster with point charges 

at external atomic sites. In the DVME calculations, the considered electronic configurations for 

the calculations were (W 5d)0(O 2p)6n and (W 5d)1(O 2p)6n−1, where n is the number of 

coordination oxygen, and the configuration-dependent correction (CDC) [34] for these 

configurations was taken into account. The considered basis functions for the non-relativistic 

Figure 9.1. Model clusters of a [WO5]4− square pyramid with Cs symmetry and a [WO6]6− octahedron with Ci 
symmetry for the MO calculations. 
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calculations were 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 6s, 6p for W ion, and 1s, 2s, 2p 

for O ion, respectively. For the relativistic calculations, the considered basis functions were 1s1/2, 

2s1/2, 2p1/2, 2p3/2, 3s1/2, 3p1/2, 3p3/2, 3d3/2, 3d5/2, 4s1/2, 4p1/2, 4p3/2, 4d3/2, 4d5/2, 4f5/2, 4f7/2, 5s1/2, 5p1/2, 5p3/2, 

5d3/2, 5d5/2, 6s1/2, 6p1/2, 6p3/2 for W ion, and 1s1/2, 2s1/2, 2p1/2, 2p3/2 for O ion, respectively. For 

comparison, the regular (undistorted) cluster of the [WO5]4− square pyramid with C4v symmetry 

and the [WO6]6− octahedron with Oh symmetry were prepared, and their MO energy levels were 

also calculated. The bond lengths for the regular structures are also given in Table 9.1, which are 

the mean value of the relevant distorted structure. In addition, with the data obtained by the 

one-electron DV-Xα method, the CT energies were calculated by Slater’s transition state method 

[35]. 

Table 9.1. Inter atomic distances between W6+ and ligands (unit: Å) 

Ca3WO5Cl2 Ca3WO6 

bondinga 
distorted 

(Cs sym.) 

regular 

(C4v sym.) 

distorted 

(Ci sym.) 

regular 

(Oh sym.) 

W6+-O2−
I 1.745 1.745 1.945 1.931 

W6+-O2−
II 1.898 1.906 1.920 1.931 

W6+-O2−
III 1.914 1.906 1.935 1.931 

W6+-Cl− 3.289 — — — 

aThe different O2− ions are labeled with Roman numerals, I–III, shown in Figure 9.1. 

9.3. Results and Discussion 

9.3.1. Spectroscopic Characterization of Single-Crystal Ca3WO5Cl2 and 

Ca3WO6 Samples 

The optical properties of the prepared single-crystal Ca3WO5Cl2 and Ca3WO6 samples were 

characterized by spectroscopy at room temperature and low temperatures. Figure 9.2 shows the 

diffuse transmittance spectra at room temperature and the photographs of the prepared samples. 
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While the Ca3WO5Cl2 sample is colorless, the Ca3WO6 sample is brown. In the transmittance 

spectrum of the Ca3WO6 sample, a broad absorption band is observed in the range of 380–600 

nm. This absorption band was not observed in the previous studies on the CT transfer of 

Ca3WO6 [36,37], suggesting that it can be due to some color center associated with defects or 

impurities generated in the crystalline growth procedure of this study. The fundamental 

absorption edge is located at ~345 nm. This absorption is assigned to the CT from O 2p to W 

5d orbitals. For the Ca3WO5Cl2 sample, there is no absorption band in the visible range. The 

fundamental absorption edge related to the CT transition is located at ~325 nm. In general, the 

compounds with covalent anions take a small CT absorption energy because of the higher 

energy levels of p orbitals. Despite the covalency of Cl, whose electronegativity of 3.16 is smaller 

than O (electronegativity: 3.44) [38], the absorption edge is blue-shifted compared with the 

Ca3WO6 sample. The interatomic distance of 3.289 Å between W and Cl atoms is too far to form 

a W-Cl bonding, based on the ionic radii of W6+ (0.6 Å) and Cl− (1.81 Å) [17], suggesting that 

the W-Cl CT transition is negligible in Ca3WO5Cl2. The first neighbor for a W6+ ion is five O2− 

Figure 9.2. Diffuse transmittance spectra of the single-crystal Ca3WO5Cl2 and Ca3WO6 samples at room 
temperature and (inset) photographs of the prepared single-crystal samples under white-LEDs and UV light 
illumination. 
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ions which form a square pyramid [WO5]4−, leading to the effective CT transition from O 2p to 

W 5d orbitals. Thus, the absorption edge of the Ca3WO5Cl2 sample is assigned to the W 5d ← O 

2p CT transition, as well.  

    At low temperatures, both samples show the CT luminescence under UV light 

illumination. Figure 9.3 shows the normalized PL and PLE spectra of the samples at 4 K. In the 

PLE spectra, both samples show a similar fundamental absorption edge due to the W 5d ← O 2p 

CT transition. Through the linear fitting for the slope of the absorption edge, the CT energies 

for the Ca3WO5Cl2 and Ca3WO6 samples are estimated to be 4.037 eV (= 307 nm) and 3.841 eV 

(= 323 nm), respectively. The CT energy at room temperature, as shown in Figure 9.2, is smaller 

than that at 4 K because of the small bandgap at high temperatures caused by an increase in the 

amplitudes of atomic vibrations. In the PL spectra, broad luminescence bands assigned to the 

CT transition are observed at 2.54 eV (= 488 nm) for the Ca3WO5Cl2 and 2.91 eV (= 426 nm) 

for the Ca3WO6 samples. While both samples show a similar spectral shape, the luminescence 

band for the Ca3WO5Cl2 is redshifted by 0.36 eV. These luminescence bands are typical for the 

W 5d → O 2p CT luminescence in various tungstates [8]. 

Figure 9.3. Normalized PL and PLE spectra of the samples at 4 K. 
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The difference in the absorption and luminescence energies for the W-O CT transition 

between Ca3WO6 and Ca3WO5Cl2 can be derived from the crystal field strength of the 

coordination polyhedra. In the Ca3WO6 double perovskite, a W6+ ion form an octahedron 

[WO6]6− with six O2− ions within the first coordination. The octahedron takes Ci symmetry due 

to a slight distortion from the regular octahedron with Oh symmetry. On the other hand, a W6+ 

ion in the oxychloride Ca3WO5Cl2 forms a square pyramid [WO5]4− because an O2− ion is 

replaced by a large Cl− ion. The square pyramid takes Cs symmetry, caused by a small trapezoidal 

distortion of the basal plane with a loss of one mirror plane [22,23]. In addition, the introduction 

of Cl− brings about a shift of the W6+ ion in the opposite direction to that of Cl−, resulting in the 

shorter bond lengths between W6+ and O2− ions in the [WO5]4− square pyramid than in the 

[WO6]6− octahedron [22]. Thus, the square-pyramidal [WO5]4− structure can cause a different 

crystal field splitting for W 5d levels, resulting in a shift of the absorption edge and the 

luminescence peak. However, the results of the energy shift in the PLE and PL spectra are not 

consistent; i.e., compared with the Ca3WO6, the Ca3WO5Cl2 takes high absorption and low 

luminescence energies. This opposite tendency in the Ca3WO5Cl2 sample cannot be understood 

with the simple MO model in Oh symmetry.  

Figures 9.4 show the PL spectra of the single-crystal Ca3WO5Cl2 and Ca3WO6 samples at 

low temperatures (T = 4–300 K). The spectral shape of the CT luminescence for the Ca3WO5Cl2 

sample is mostly unchanged up to room temperature despite the severe thermal quenching. In 

the Ca3WO6 sample, the peak of the CT band is slightly redshifted at 4–100 K. The temperature 

dependence of the integrated PL intensities of the Ca3WO5Cl2 and Ca3WO6 samples are plotted 

in Figure 9.5. The plots were fitted by a function described by a single barrier quenching model; 

𝐼𝐼(𝑘𝑘 ) = 𝐼𝐼0

1 + 𝛤𝛤0
𝛤𝛤𝜈𝜈

� exp �−𝐸𝐸a
𝑘𝑘𝑘𝑘� �

, (9.1) 

where I is the luminescence intensity at each temperature, Γν is the radiative rate of the CT 

transition, Γ0 is the attempt rate of the nonradiative process, Ea is the activation energy for the 

thermal quenching process, k is the Boltzmann constant (= 8.617 × 10−5 eV K−1), and T is 

temperature. The quenching curve for the Ca3WO6 sample shows a good agreement with the 
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experimental plots with the Γ0/Γν value of 6.80 ×103, leading to the Ea of 156 meV. In contrast, 

although the estimated Ea value was 48.6 meV, we could not obtain good fitting parameters for 

the Ca3WO5Cl2 sample, the Γ0/Γν value of 46.9, which is too small and possibly not valid. The 

Figure 9.4. PL spectra at various temperatures (T = 4–300 K) for (a) Ca3WO5Cl2 and (b) Ca3WO6 samples. 
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quenching behavior of the CT luminescence in Ca3WO5Cl2 cannot be described by the single 

quenching barrier model, and the actual process is more complicated. Since the temperature 

dependence of the absorption coefficient is not taken into account, it is difficult to estimate the 

Ea value only from the temperature dependence of PL spectra. Nevertheless, the CT 

luminescence of the Ca3WO5Cl2 is easily quenched with temperature, compared with that of the 

Ca3WO6. From the temperature dependence plots, the quenching temperatures T50%, at which 

the PL intensity is half of the initial one, are estimated to be ~150 K for the Ca3WO5Cl2 and ~205 

K for the Ca3WO6 samples. These T50% values indicate that the Ca3WO5Cl2 takes small activation 

energy for thermal quenching. Note that the PL intensity of the Ca3WO5Cl2 sample at room 

temperature was comparable to that of the Ca3WO6 sample at 4 K, suggesting that the 

Ca3WO5Cl2 can have high absorption efficiency. 

Figure 9.5. Temperature dependence of integrated PL intensity of the Ca3WO5Cl2 and Ca3WO6 samples. The PL 
intensities at each temperature are normalized by the PL intensity at 4 K. The plots are fitted with the single barrier 
quenching model described by eq. 9.1. 
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9.3.2. Influence of Cl− Ion on Coordination Polyhedra in Ca3WO5Cl2 

In terms of the bond lengths between the W6+ ion and ligands, the reasonable coordination 

around W6+ ions in Ca3WO5Cl2 is the [WO5]4− square pyramid. Here, the validity of this five-

fold coordination is examined by the theoretical electronic calculation. The relativistic DV-Xα 

calculations for the [WO5]4− square pyramid and [WO5Cl]5− distorted octahedron were 

performed, and their total and partial density of states (DOS and PDOS) curves are depicted in 

Figures 9.6a and 9.6b. For the PDOS curves of the [WO5Cl]5− distorted octahedron, the Cl 3p 

orbitals are observed around the HOMO level, which mainly form the valence band in the 

Ca3WO5Cl2 lattice. However, near the LUMO level, only the W 5d and O 2p orbitals are 

observed, suggesting that the Cl 3p orbitals are not related to the antibonding character and 

have the nonbonding character. In the comparison for these two clusters, the curves of W 5d 

and O 2p orbitals are hardly influenced by the existence of a Cl− ion. The DV-Xα calculation 

can perform the compositional analysis of the energy levels. The results of the compositional 

Figure 9.6. Total and partial density of electronic states for (a) the [WO5]4− and (b) [WO5Cl]5− clusters in 
Ca3WO5Cl2, which were calculated by the relativistic DV-Xα method. The HOMO levels mainly composed of Cl 3p 
and O 2p orbitals are set at 0 eV in the left and right y-axes of Figure 4b, respectively. 



Chapter 9. Characterization of Charge Transfer Luminescence of [WO6]6− Octahedton 
and [WO5]4− Square Pyramid with Ab initio Energy Level Calculation 

252 

analysis for the [WO5Cl]5− distorted octahedron are summarized in Table 9.2. The first, second, 

and fourth levels of the HOMO level are labeled top1, top2, and top4, respectively, in order of 

decreasing energy. These levels are mainly composed of the Cl 3px, 3py, and 3pz orbitals. A small 

contribution of O 2p orbitals is confirmed, possibly due to the close proximity of the MO energy 

levels. On the other hand, the contribution of Cl 3p orbitals in the 5d1 LUMO level is almost 

zero. Therefore, it is suggested that the Cl− ion has no orbital hybridization with lower W 5d 

orbitals. 

This inference is supported by the calculation results for other (oxy)chloride coordination. 

Figure 9.7 shows the DOS and PDOS curves of the relevant (oxy)chloride octahedron; a 

[WO4Cl2]4− octahedron in WO2Cl2 [39], a [WO2Cl4]2− octahedron in WOCl4 [40], and a [WCl6] 

octahedron in WCl6 [41]. They were also calculated by the relativistic DV-Xα method. In these 

octahedra, the interatomic distances between W6+ and Cl− are 2.268–2.285 Å, which is shorter 

than that in Ca3WO5Cl2 (3.289 Å). For the oxychloride octahedra with the composition of 

[WO6−xClx](6−x)− (x = 0, 2, 4, and 6), the contributions of Cl 3p orbitals are observed in the 

antibonding LUMO level, and the energy differences between the HOMO and LUMO levels for 

the [WO6]6−, [WO4Cl2]4−, [WO2Cl4]2−, and [WCl6] octahedra are 4.51, 3.05, 2.24, and 2.33 eV, 

respectively. The results indicate that Cl 3p orbitals interact with W 5d orbitals to cause the 

Figure 9.7. Total and partial density of electronic states for (a) a [WO4Cl2]4− cluster in WO2Cl2 (ICSD 28510), (b) a 
[WO2Cl4]2− cluster in WOCl4 (ICSD 25519), and (c) a [WCl6] cluster in WCl6 (ICSD 425147), which were calculated 
by the relativistic DV-Xα method. The HOMO mainly composed of Cl 3p orbitals is set at 0 eV. 



Chapter 9. Characterization of Charge Transfer Luminescence of [WO6]6− Octahedton 
and [WO5]4− Square Pyramid with Ab initio Energy Level Calculation 

253 

downward shift of the LUMO level and the CT energy. Note that the downshift of the LUMO 

level for the [WO2Cl4]2− octahedron is larger than that for the [WCl6] octahedron, possibly 

because of the larger crystal field splitting induced by the mixed-anion coordination. 

Consequently, in the crystal lattice of Ca3WO5Cl2, the Cl 3p orbitals no longer affect the 

W 5d orbitals, and the Cl− ions behave just as negative point charges, affecting the MO of the 

five-fold [WO5]4− polyhedra. 

Table 9.2. Results of compositional analysis of MO levels calculated by the relativistic DV-Xα calculation (unit: %)a

top1b top2b top4b 5d1 5d2 5d3 5d4 5d5 

W 5d 0.04 0.03 0.01 80.03 68.51 70.98 51.21 70.67 

O 2p 11.59 16.57 13.47 19.85 29.13 26.94 23.85 26.06 

Cl 3p 88.15 83.56 85.91 0.00 0.04 0.03 1.13 0.00 

aNote that the total percentages are less than 100% because of small contributions of other orbitals, such as O 2s, 
W 6s, and W 6p orbitals.  
bThe first, second, and fourth levels of the HOMO level are labeled top1, top2, and top4, respectively, in order of 
decreasing energy, mainly composed of the Cl 3px, 3py, and 3pz orbitals. 

9.3.3. Luminescence Mechanism of [WO6]6− and [WO5]4− Polyhedra with Ab 
initio MO and CI Calculations 

The MO energy diagram of [WO6]6− and [WO5]4− polyhedra were estimated by the non-

relativistic (non-rel) and relativistic (rel) DV-Xα methods, which is based on the one-electron 

calculation, and shown in Figures 9.8a and 8b. In the diagrams, the HOMO mainly composed 

of O 2p orbitals is set at 0 eV. For the [WO6]6− octahedron with Ci symmetry, the non-relativistic 

DV-Xα calculation output the W 5d levels split into almost two, which consist of three ag levels

(low energy) and two ag levels (high energy). The degenerated t2g and eg levels in Oh symmetry

are hardly resolved because the distortion in the [WO6]6− octahedron to lose the symmetry

elements but the inversion center is very small. The spin-orbit interaction provides the upward



Chapter 9. Characterization of Charge Transfer Luminescence of [WO6]6− Octahedton 
and [WO5]4− Square Pyramid with Ab initio Energy Level Calculation 

254 

energy level shift of 0.3–0.7 eV due to the large atomic number of 74W. 

The [WO5]4− square pyramid has a more complicated energy level structure than the 

[WO6]6− octahedron because of the five-fold coordination with Cs symmetry. The W 5d levels 

are resolved into five levels (three a’ and two a’’ levels), and the spin-orbit interaction causes the 

upward energy level shift of 0.2–0.6 eV. The population analysis reveals that 99.96% of HOMO 

consists of O 2p orbitals in the basal plane of the square pyramid (labeled with OII and OIII in 

Figure 9.1). Although the apical O2− ion (OI) is the closest to the W6+ ion, the CT transition in 

the [WO5]4− square pyramid occurs from the OII and OIII in the basal plane.  

For both [WO6]6− and [WO5]4− polyhedra, the calculations for the undistorted structures 

with Oh and C4v symmetry were also performed. Here, the Madelung potential around clusters 

was not taken into account. The MO energy levels are depicted in the third column of Figures 

9.8a and 8b. Note that the degenerated t2g levels for Oh and e levels for C4v are resolved because 

of the spin-orbit interaction. The energy level structures of the W 5d orbital in Oh and C4v 

symmetry are quite similar to those in Ci and Cs, respectively. Therefore, small distortion in the 

[WO6]6− octahedron with Ci symmetry and the [WO5]4− square pyramid with Cs symmetry 

Figure 9.8. MO energy diagrams of (a) [WO6]6− and (b) [WO5]4− clusters calculated with the non-relativistic (non-
rel) and relativistic (rel) DV-Xα methods. 
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hardly affect the crystal field splitting of W 5d levels. 

Although the DV-Xα method based on the one-electron calculation is a good 

approximation to discuss the characteristics of CT luminescence, the non-relativistic and 

relativistic DVME method based on the multiple-electron calculation, taking CDC into account, 

was applied to obtain the multiplet energy diagram of [WO6]6− and [WO5]4− polyhedra. The 

results are shown in Figures 9.9a and 9b. Here, the energy of the ground state (1Ag for Ci and 1A’ 

for Cs) of the (W 5d)0(O 2p)6n configuration is set at 0 eV.  

All the multiplet energy diagrams show the closed CT states, forming the band structure. 

For the [WO6]6− octahedron with Ci symmetry, the ground level is described with the term of 
1Ag. The non-relativistic DVME calculation reveals that the lowest energy level of the CT state 

is 3Ag. Thus, the radiative CT transition from W 5d to O 2p orbitals for the [WO6]6− octahedron 

is assigned to the 3Ag → 1Ag spin-forbidden transition. The large difference in the experimental 

absorption and luminescence energies of 0.933 eV suggests that the terminal level for the 

excitation process is located at higher energy than the 3Ag level. Applying the selection rule for 

the electric dipole transition based on the group theory [42], we obtained the allowed transition 

of 1Au ← 1Ag, which is the possible excitation transition for the [WO6]6− with Ci symmetry with 

the highest transition probability. The energy gap between the lowest 1Au and 3Ag levels is 0.563 

eV, leading to the absorption energy of 5.01 eV. The spin-orbit interaction increases the CT 

energy with 0.3–0.7 eV and the lowest 3Ag level with 0.468 eV, resulting in the energy difference 

between 1Ag and 3Ag levels of 4.91 eV. For the Ca3WO6 host, the Madelung potential increases 

the lowest CT energy by only 0.029 eV, indicating that the CT states of the [WO6]6− octahedron 

are hardly influenced by other ions outside the octahedron, such as Ca2+ or outer O2− ions.  

The non-relativistic DVME calculation also revealed the term symbol for the ground state 

(1A’) and the lowest CT excited state (3A’) for the [WO5]4− square pyramid with Ci symmetry. 

Thus, the radiative CT transition is the 3A’ → 1A’ spin-forbidden transition with an energy of 4.82 

eV. Based on the group theory, the terminal levels for the allowed electric dipole transition from 

the ground 1A’ level are the 1A’ level for the σ-polarization and the 1A’’ level for the π-polarization. 

The lowest 1A’ and 1A’’ excited levels are located at 5.45 and 5.46 eV, which are 0.63–0.64 eV 
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higher than the 3A’ level. The energy of CT states increases due to the spin-orbit interaction, and 

the lowest 3A’ level is shifted upward with 0.332 eV. As shown in the results of the DV-Xα 

calculations, the influence of the spin-orbit interaction in the [WO5]4− square pyramid is smaller 

than that in the [WO6]6− octahedron. The CT energy of the [WO5]4− square pyramid without the 

Madelung potential was also calculated with the relativistic DVME method, leading to 0.415 eV 

lower CT energy, which is not anticipated from the tendency shown in the [WO6]6− octahedron 

with Ci symmetry. This lower CT energy suggests that the structural features of the [WO5]4− 

square pyramid with short W-O bond lengths, do not bring about the upward energy shift of 

the CT states. The lowest CT energy of a single [WO5]4− square pyramid is located at 4.74 eV, 

whereas that of a single [WO6]6− octahedron is at 4.89 eV. Although the square pyramidal 

structure causes the redshift of the CT states due to the strong crystal field, the significant 

contribution of the Madelung potential cancels out the redshift and brings about the large 

absorption edge of the CT transition for the [WO5]4− cluster. The significant difference in the 

Madelung potentials of Ca3WO5Cl2 and Ca3WO6 is the existence of Cl− ions in a lattice. Whereas 

the first neighboring anions from the [WO6]6− octahedron is O2− ions at 3.98–4.08 Å distance 

Figure 9.9. Multiplet energy diagrams of (a) [WO6]6− (Ci symmetry) and (b) [WO5]4− (Cs symmetry) clusters 
calculated with the non-relativistic (non-rel) and relativistic (rel) DVME methods. 
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away, that from the [WO5]4− square pyramid is a Cl− ion 3.29 Å away in the opposite direction 

of the apical O2−
I ion. The nonbonding [WO5]4−–Cl− electrostatic interaction can cause the high-

energy shift of the whole energy levels of the CT states. 

The calculated CT energies and measured spectroscopic data are listed in Table 9.2. The 

one-electron CT energies were evaluated by Slater’s transition state methods with the electronic 

configuration of (W 5d1)0.5(O 2p top)1.5. Note that since the relativistic MO calculation 

considering the spin-orbit interaction identifies the energy levels through the irreducible 

representations with the Bethe notation, we cannot obtain information about the spin 

multiplicity and the degree of spin-orbital splitting. Nevertheless, the lowest CT energy, which 

is the energy gap between the ground state of the (W 5d)0(O 2p)6n configuration and the lowest 

CT level, is available for discussion. Both the one-electron and multiple-electron MO 

calculations show the same tendency; the CT states shift upward by 0.2–0.4 eV due to the spin-

orbit interaction of W, and the [WO5]4− square pyramid takes higher CT energy than the [WO6]6− 

octahedron. The terminal level of CT excitation can be located at 0.3–0.6 eV higher energy than 

the lowest CT state. Here, the energy difference between the 1A’ and 1A’’ levels in the [WO5]4− 

square pyramid obtained by the non-relativistic DVME calculation is at most 0.01 eV, suggesting 

that the polarization of excitation light can have a negligible effect on the PLE spectra. Despite 

an overestimation of as much as ~1–2 eV, the calculated CT energy reproduces the higher 

absorption energy in Ca3WO5Cl2 than that in Ca3WO6. The ab initio MO calculation reveals that 

the five-fold [WO5]4− square pyramid, even with a strong crystal field, takes a high CT absorption 

energy due to the Madelung Potential related to Cl− ions in the lattice.  

The observed CT luminescence is assigned to the spin-forbidden transition from the 

lowest CT level to the ground level of the (W 5d)0(O 2p)6n configuration. As discussed above, 

the energy of CT states for the [WO5]4− square pyramid is higher than that for the [WO6]6− 

octahedron, indicating that the CT luminescence of the Ca3WO5Cl2 is predicted to be located at 

the shorter wavelength side of that of the Ca3WO6. However, the results of the ab initio 

calculations cannot provide a reasonable explanation for the redshift of CT luminescence in the 

Ca3WO5Cl2 sample. As the energy diagram obtained by the MO and CI calculation cannot 
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consider the structural relaxation at the excited states, the disagreement in the luminescence 

energy between the experimental and computed values can be related to the oscillation potential 

of the CT state. 

Table 9.3. CT energies of [WO6]6− and [WO5]4− clusters by the non-relativistic (non-rel) and relativistic (rel) MO 
and CI calculation (one-electron DV-Xα method and multi-electron DVME method) and the spectroscopic 
experiments (unit: eV) 

methods 
[WO6]6− [WO5]4− 

non-relb rel non-relb rel 

DV-Xα
4.21 

[ag(W 5d1)-ag(O 2p)] 
4.51 

4.25 

[a’(W 5d1)-a’’(O 2p)] 
4.65 

Slater’s 

transition state 

method 

4.86 

[ag(W 5d)0.5-ag(O 2p)1.5] 
5.19 

4.92 

[a’(W 5d)0.5-a’’(O 2p)1.5] 
5.36 

DVME 

4.74 

[3Ag-1Ag] 
4.91 

4.82 

[3A’-1A’] 
5.16 

5.01 

[1Au-1Ag] 
— 

5.45 

[1A’-1A’] (σ) 

5.46 

[1A’’-1A’] (π) 

— 

experimental 

absorption 
3.84 4.04 

experimental 

luminescence 
2.91 2.54 

bThe computed parameters by the non-rel MO calculation are listed with the irreducible representations for the 
initial and terminal levels of applicable transition in brackets. 

Figures 9.10a and 10b show the supposed configurational coordinate diagram for the 

[WO6]6− octahedron with Ci symmetry and the [WO5]4− square pyramid with Cs symmetry. R0 is 
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the equilibrium position of W6+ and O2− ions. R1 and R2 are the offset from the equilibrium 

position R0, indicating the shift of O2− ions in the CT excited states. For the sake of brevity, the 

same curvatures are applied in the parabolas for the ground level and CT states. Upon excitation 

through the spin-allowed electric dipole transitions (1Au ← 1Ag for [WO6]6− and 1A’ or 1A’’ ← 1A’ 

for [WO5]4−), excited electrons relax down into the initial level of CT luminescence (3Ag for 

[WO6]6− and 3A’ for [WO5]4−). For the [WO5]4− square pyramid, we can put the parabolas of the 

CT states with large offset (i.e., R1 < R2) to obtain the small luminescence energy of 2.54 eV. The 

large offset leads to a small activation energy for the thermal activation crossover quenching 

(shown in red arrows), which is consistent with the experimental fact that the CT luminescence 

of the Ca3WO5Cl2 sample is easily quenched with temperature. Mainly four O2− ions in the basal 

plane of the [WO5]4− square pyramid contribute to the CT states, suggesting that the anisotropic 

structural relaxation of the coordination polyhedron can cause the large configurational offset 

in the oscillator potentials, unlike the [WO6]6− octahedron with an inversion center.  

Figure 9.10. Possible configurational coordinate diagram for (a) the [WO6]6− octahedron (Ci symmetry) and (b) 
[WO5]4− (Cs symmetry) square pyramid. The terminal states of the allowed electric dipole transition for absorption 
are drawn in red. 
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9.4. Conclusions 

The square pyramidal [WO5]4− cluster in the oxychloride Ca3WO5Cl2 showed the cyan charge 

transfer (CT) luminescence between W 5d and O 2p orbitals. Compared with the blue CT 

luminescence of the [WO6]6− octahedron in the oxide Ca3WO6, this cyan CT luminescence was 

characteristics in the following respects; 

• The CT absorption energy of the [WO5]4− square pyramid was estimated to be 4.04 eV from

the fundamental absorption edge in the photoluminescence excitation spectrum at 4 K, which

was 0.2 eV larger than that of the [WO6]6− octahedron.

• The peak of the CT luminescence band of the [WO5]4− square pyramid was located at 2.54 eV,

which was 0.37 eV redshifted from the CT luminescence peak of the [WO6]6− octahedron.

Because these characteristics of the [WO5]4− square pyramid were not explained by the simple 

molecular orbital diagram for Oh symmetry, the ab initio calculations with the discrete-

variational Xα (DV-Xα) and DV multi-electron (DVME) methods were performed to discuss 

the luminescence properties of the Ca3WO5Cl2. Both the one- and multi-electron calculations 

revealed that the [WO5]4− square pyramid takes the larger CT energy due to not the crystal field 

splitting but the Madelung potential related to the existence of Cl− ions in a lattice. However, 

since the ab initio molecular orbital and configuration interaction calculation cannot take the 

structural relaxation of the excited states into account, the redshift of the CT luminescence for 

the [WO5]4− cluster could not be understood by these ab initio calculation results. Supposing 

that the CT excited states of the [WO5]4− cluster takes the larger offset in the qualitative 

configurational coordinate diagram, the redshift and the lower quenching temperature of the 

CT luminescence for the [WO5]4− square pyramid were accounted for. There are only a few 

reports about the CT luminescence of the tungstates with a unique coordination polyhedron. 

The results in this study are expected to promote research on the CT luminescence of tungstates 

in a variety of material groups including mixed-anion compounds. 
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Chapter 10  
Development of Ce3+ and Li+ Co-doped 

Magnesium Borate Glass Ceramics for Optically 

Stimulated Luminescence Dosimetry 

Abstract 
Magnesium tetraborate, MgB4O7, is an attractive host material for dosimetry due to the two characteristics: 

its low effective atomic number (Zeff = 8.4) and high neutron capture cross-section of the 10B isotope. 

Particularly, Ce3+ and Li+ ions co-doped MgB4O7 has shown optically stimulated luminescence (OSL) signal 

comparable to that of Al2O3:C, which is a well-known OSL dosimetry material. In this work, for further 

improvement of the dosimetric properties, a new synthesis route for MgB4O7:Ce3+-Li+ is described: glass-

ceramic (GC) MgB4O7:Ce3+-Li+ samples were prepared by heat treatment of the magnesium borate glass with 

the composition, 25MgO-72B2O3-3Li2O-0.3Ce3+. The prepared GC samples show UV-blue 

radioluminescence assigned to the Ce3+ 5d → 4f transition under X-ray irradiation and two 

thermoluminescence (TL) glow peaks related to the shallow and deep electron traps. Although fading of the 

TL and OSL signal was observed due to electron release from the shallow traps, the electrons captured by deep 

traps were stable at room temperature. Particularly, GC samples annealed at 750 °C and 800 °C, named GC750 

and GC800, showed stable OSL up to ten hours following β-ray irradiation, after an initial fading mainly due 

to the presence of shallow traps in the material. From the viewpoint of this fading ratio, GC750 and GC800 

showed potential as a practical OSL dosimeter. 
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10.1. Introduction 

The fast-paced technological advances in a variety of fields which either uses ionizing radiation 

(X-rays, β-rays, γ-rays, neutrons, as well as accelerated particles such as protons, and other heavy 

ions) directly for its therapeutical or analytical properties, or which produces radiation as a by-

product, or both, imposes increasing challenges for the dosimetry of such fields. Some of the 

most challenging aspects nowadays are the dosimetry of small fields such as those found in 

modern radiation therapy and radiosurgery due to the large dose gradients involved [1], the 

dosimetry of pulsed fields created in modern accelerators (including laser-based accelerators) 

due to the high instantaneous dose-rates during the pulses [2,3], and the dosimetry in the 

presence of magnetic fields such as in those fields found in Magnetic Resonance Imaging-

Guided Radiation Therapy (MRIgRT) [4]. 

Dosimetry refers to the quantification of the energy deposited by ionizing radiation for 

purposes of radiation protection, quality assurance, and overall characterization of the radiation 

fields. A wide variety of active and passive dosimeters are available, but all have advantages and 

disadvantages for each specific application [5]. Passive detectors, while not offering real-time 

information, are very popular in radiation protection because of their small size, low cost, high 

sensitivity, precision, and convenience. From those, luminescence detectors, such as those based 

on radiophotoluminescence (RPL) [6,7], thermoluminescence (TL) [8], and optically stimulated 

luminescence (OSL) [9,10] are among the most popular for radiation measurements. The 

readout of RPL and OSL detectors, in particular, is completely optical, therefore practical and 

suitable for the development of 2D dosimetry techniques for measurements in high dose-

gradient fields [11–13]. Since the luminescence processes in these detectors are based on the 

electron-hole trapping/detrapping processes taking place in solid-state insulating crystalline 

materials in a time-scale of 10−15–10−13 s [14], the techniques may also offer advantages such as 

independence on dose-rate [15] and magnetic field [16].  

Figure 10.1 illustrates the electron trapping-detrapping processes occurring within the 

luminescence detectors exposed to ionizing radiation. First, electrons in the host valence band 

(VB) are excited by ionizing radiation (arrow 1). Since the energy of ionizing radiation is much 
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higher than the bandgap of host compounds, electrons in the order of 105–106 per MeV are 

generated. In the case of scintillators, electron-hole recombination takes place immediately. 

However, if energy levels related to impurities or defects are introduced just below the host 

conduction band (CB), they can act as electron traps, temporarily capturing the excited electrons 

(arrow 2). The trapped electrons can be released to the CB by optical (arrow 3a) or thermal 

(arrow 3b) stimulation, and then luminescence is observed upon the carrier recombination 

(arrow 4). At this moment, the luminescence related to the optically and thermally stimulating 

process is called OSL and TL, respectively.  

Although they are based on a similar scheme, the OSL technique has some advantages in 

comparison to the TL technique [17,18]. First, it requires no heating, only optical stimulation. 

As a result, during the readout processing, OSL is not affected by the thermal quenching of the 

Figure 10.1. Schematic illustration of the TL and OSL process, related to the electron trapping and detrapping 
process: 1. Excitation of electrons with ionizing radiation; 2. Electron trapping; 3a. Optically stimulated electron 
detrapping; 3b. Thermally stimulated electron detrapping; 4. Radiative electron-hole recombination. During this 
process, holes generated at the host VB by the ionizing radiation move to the ground state of the luminescence 
center ion, resulting in the change of the valence state (Mn+ + h+ → M(n+1)+). 
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luminescence [17]. Second, by adjusting the stimulating light intensity, fast readouts can be 

realized, resulting in rapid analysis of a large number of dosimeters (high throughput) [18].  

Despite the properties and potential advantages discussed above, the availability of 

materials with features suitable for some applications is still restricted. For example, the only 

OSL materials used in commercial dosimetry systems nowadays are Al2O3:C and BeO, both of 

which have relatively slow luminescence lifetimes for laser-scanning 2D dosimetry (35 ms [19] 

and ~27 µs [20,21], respectively). Al2O3:C,Mg has been introduced with a higher concentration 

of fast luminescence centers (F+-centers, < 7 ns), but the dominant emission is still from slow 

luminescence centers (F-centers, 35 ms) [22]. Considering for example a 30.0 cm by 30.0 cm 

film and ~0.1 mm pixel size, or 9 megapixels, the lifetime has to be lower than ~10 µs for the 

image to be read within 5 min, assuming that the laser stays three lifetimes over each pixel to 

avoid pixel bleeding. OSL materials used in image plates (e.g., BaFBr:Eu2+) typically have a high 

effective atomic number and the OSL signal fades with time after irradiation, which makes them 

unsuitable for precise dosimetry applications [23–25]. 

    Several new OSL materials have been investigated thus far [26–28]. Magnesium 

tetraborate, MgB4O7, has been attracting attention as a host material for dosimetry based on the 

OSL or TL technique for several reasons [29–33]. First, it has a low effective atomic number, Zeff 

= 8.4. In radiation dosimetry, materials with an effective atomic number similar to the human 

body are required to avoid large photon energy dependence; the materials with an effective 

atomic number similar to water (Zeff = 7.51) or tissues (Zeff = 7.35−7.65) are suitable. The second 

reason is the possibility to control the neutron sensitivity by controlling the host content of 10B 

isotope, which has a high neutron capture cross-section. Ce3+-doped MgB4O7 has also been 

proposed as a potential OSL material for 2D dosimetry, because of the fast luminescence 

associated with its Ce3+ emission due to 5d → 4f parity allowed transition [34] and also identified 

by other groups as a potential OSL material for dosimetry [35]. 

In a previous report, Yukihara et al. evaluated the luminescent properties of Ce3+-doped 

MgB4O7 [33]. Both radioluminescence (RL) and TL were observed in the near-UV region at 

around 340−360 nm. The fluorescence lifetime of Ce3+ 5d → 4f luminescence in MgB4O7, 31.5 ns, 
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was short enough for the use of this material for imaging applications by laser scanning [34], 

opening the possibility of 2D dosimetry [36]. According to the TL glow curves of MgB4O7 doped 

with a variety of lanthanoid ions, the glow peak of MgB4O7:Ce3+ was located at around 240 °C, 

which means that MgB4O7:Ce3+ has a suitable trap depth for OSL dosimetry. In a separate report 

[37], it was shown that Ce3+ and Li+ co-doped MgB4O7 has some attractive dosimetric properties 

compared to the well-known commercial OSL material Al2O3:C. The OSL dose-response of 

Al2O3:C saturates at around 100 Gy, whereas that of MgB4O7:Ce3+-Li+ is proportional to the 

irradiation dose up to 800 Gy with no saturation, which is desirable for proton and heavily 

charged particle beams. Besides, it is possible to increase its neutron sensitivity by enriching it 

with 10B or decrease it by enriching it with 11B. Therefore, the Ce3+-Li+ co-doped MgB4O7 is a 

promising material for OSL dosimetry. Nevertheless, the MgB4O7:Ce3+-Li+ reported previously 

[34] suffers from sensitivity changes and anomalous fading of the main dosimetric peak at

240 °C, which motivates the search for new synthesis routes that could improve its dosimetric

properties.

    To try to improve the dosimetric properties of MgB4O7:Ce3+-Li+, we propose precipitation 

of the MgB4O7 crystals in a borate glass matrix, which is the glass-ceramic (GC) MgB4O7. GC 

materials have many advantages, such as good formability, low cost, mass production, and 

denser materials than conventional powder-packed materials [38,39], which are favorable 

properties for practical application and commercialization. In this work, the MgB4O7 GC 

samples were prepared by ceramming the as-made magnesium borate glass, and their 

luminescent properties (photoluminescence (PL), RL, TL, and OSL) of the GC MgB4O7:Ce3+-Li+ 

were investigated. Besides, the potential of the GC MgB4O7:Ce3+-Li+ for practical OSL 

application is discussed. 

    The objective of this work is to demonstrate that MgB4O7:Ce3+-Li+ can be obtained using 

the glass-ceramic route with intensity and basic properties at least equivalent to those of 

MgB4O7:Ce3+-Li+ prepared by solution combustion. A complete dosimetric characterization of 

the samples is beyond the scope of this work, since it requires a more in-depth characterization 

of the TL and OSL properties than what can be presented here. 
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10.2. Experimental Details 

10.2.1. Fabrication of Samples 

Magnesium borate glass samples were prepared with the composition of 25MgO-72B2O3-3Li2O-

0.3Ce3+ (mol%). To obtain the precipitated MgB4O7 crystals in the glass matrix, the molar ratio 

between B2O3 and MgO should be close to 1:2. However, during the melting process at a high 

temperature (~1200 °C), evaporation of B2O3 needs to be taken into account. The optimized 

concentration of Li+ and Ce3+ ions was determined in the previous report [37]. Therefore, the 

composition 25MgO-72B2O3-3Li2O-0.3Ce3+ was adopted in this work. The starting chemicals of 

MgO (99.99%, Furuuchi Chemical), B2O3 (99.9% up, Kojundo Chemical Laboratory), Li2CO3 

(99.99%, Kojundo Chemical Laboratory), and CeO2 (99.99%, Furuuchi Chemical) were weighed 

and mixed homogeneously in an alumina mortar. The mixture was put into a platinum crucible 

and calcinated at 600 °C for four hours with the aim of decarbonating Li2CO3. After calcination, 

this mixture was melted at 1200 °C for an hour. The melt was poured on a stainless-steel plate 

and pressed by another plate. Through this procedure, the as-made magnesium borate glass 

sample was fabricated. The glass transition temperature (Tg) and the crystallization temperature 

(Tx) of the as-made glass sample were evaluated with the differential thermogravimetric analyzer 

(TG-DTA TG8120, Rigaku). For the purpose of obtaining the precipitated crystalline phase of 

MgB4O7 in the glass matrix, the as-made glass was heat-treated at 600 °C, 650 °C, 700 °C, 750 °C, 

800 °C, and 850 °C for three hours. Here, some samples were heat-treated over Tx to increase 

the crystallinity of the MgB4O7 phase. The obtained glass-ceramic samples are called GCxxx (xxx 

means the ceramming temperature in °C), e.g., GC600 or GC750.  

10.2.2. Characterization 

The crystalline phases of all samples were identified with an X-ray diffractometer using Cu Kα 

radiation (Ultima IV, Rigaku).  

The scanning transmission electron microscope (STEM) images and the elemental 

mappings with energy dispersive X-ray (EDX) spectroscopy of the microstructure were 

obtained with a monochromated atomic resolution analytical electron microscope (JEM-
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ARM200F, JEOL Ltd.). 

The photoluminescence excitation (PLE) spectra were measured with a setup consisting 

of a Xe lamp (CERMAX® PE300BUV, Excelitas Technologies Corp.), two monochromators (SP-

2300i, Princeton Instruments, and SP-300i, Acton Research Corp.), and a photomultiplier tube 

(R928, Hamamatsu Photonics). The PLE spectra were calibrated by the spectrum of the Xe lamp 

(light source) detected by a standard Si photodiode (S1337-1010BQ, Bunkoukeiki & Co., Ltd.). 

For PL measurements, the samples were excited by dispersed UV light of the Xe lamp (λ = 280 

nm), and the luminescence of the samples was detected with a CCD spectrometer (QE65Pro, 

Ocean Optics) connected with an optical fiber. In the case of RL measurements, the samples 

were excited by Cu Kα characteristic X-ray (40 kV and 30 mA), and the luminescence was 

detected with the same setup as for PL measurements. The obtained PL and RL spectra were 

calibrated by the spectrum of a deuterium-tungsten halogen light source (DH-2000, Ocean 

Optics).  

TL and OSL measurements were carried out using two equipment: a lexsyg smart 

extended reader (Freiberg Instruments GmbH) and a Risø TL/OSL-DA-20 (DTU Nutech). The 

lexsyg smart extended is equipped with a UV-VIS photomultiplier tube (model 9235QB, 

Electron Tubes Inc.) for luminescence detection, a six-position filter wheel, and a 90Sr/90Y source 

for irradiation (1.53 GBq activity on 6 February 2018, Eckert & Ziegler, Germany, ~50 mGy/s 

dose rate at the sample position). OSL measurements in the lexsyg smart reader were performed 

using blue light-emitting diodes (centered at 460 nm, 72 mW/cm2 irradiance). As reported by 

Gustafson et al., the shorter the stimulation wavelength, the higher the OSL intensity [34]. The 

optical filters used for detection were Hoya U-340 (5.0 mm total thickness, Hoya Corporation) 

+ Delta BP365/50 EX (Delta Optical Thin Films A/S). The Risø reader is equipped with an

Electron Tubes PMD 9107-CP-TTL photomultiplier tube (ET Enterprises, Ltd.) for light

detection, an Automated Detection and Stimulation Head (DASH) and a beta irradiation unit

(1.48 GBq, Sr-90 source, Eckert & Ziegler Nuclitec GmbH). The OSL measurements in the Risø

reader were performed with blue LEDs (centered at 470 nm, 80 mW/cm2 irradiance). The optical

filters used for detection were Hoya U-340 filters (7.5 mm total thickness, Hoya Corporation).
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TL measurements were performed at 5 °C/s in the presence of N2 in both instruments. Samples 

measured in ceramic form had ~20.2–45.2 mg. Samples measured in powder form had typically 

~2.0–4.0 mg. When relevant, the signal was normalized by the sample mass for comparison. 

10.3. Results and Discussions 

10.3.1. Thermal Behavior of As-made Glass 

Figure 10.2 shows the differential thermal analysis (DTA) curve of the as-made magnesium 

borate glass sample. From the position of a sharp exothermic peak, Tx was 716 °C. The baseline 

below and over ~625 °C was different, which means the glass transition took place at around 

625 °C. According to the analysis of this DTA curve, Tg of the as-made glass sample was 

estimated to be 624 °C. One endothermic peak was observed at around 820 °C, which is related 

to the partial melting of the glass phase. Because of this melting, the GC samples cerammed over 

900 °C could not be prepared in a proper shape.  

Figure 10.2. DTA curve of the as-made glass sample. Tg, Tx, and Tl mean the glass transition, crystallization, and 
partial melting temperature, respectively.
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10.3.2. Structural Analysis 

Figure 10.3 shows the X-ray diffraction (XRD) patterns of the as-made glass and all the prepared 

GC samples with the reference pattern for orthorhombic MgB4O7 (PDF #01-076-0666), which 

belongs to the space group Pbca (No. 61). The as-made glass sample shows two halo peaks due 

to the amorphous phase of the magnesium borate glass. For the GC samples, the MgB4O7 

crystals were precipitated after heat treatment at and above 600 °C. Only in the XRD pattern of 

GC600, the weak halo peaks of the amorphous phase were still observed. Therefore, the 

ceramization process of MgB4O7 was almost completed by heat treatment above 650 °C. 

Although almost all diffraction peaks were assigned to orthorhombic MgB4O7, one weak peak 

of an impurity phase, assigned to triclinic Mg2B2O5 (PDF #01-083-0625), was observed at 2θ = 

~35°. With increasing heat treatment temperature, the peak intensity of impurity Mg2B2O5 

increases. To prevent this B2O3-poor phase from being precipitated, heat treatment at lower 

temperatures (650–750 °C) is a suitable condition for the preparation of the GC MgB4O7 samples. 

Figure 10.3. XRD patterns of the prepared samples with the reference data of crystalline MgB4O7 (PDF #01-076-
0666). 
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In the unit cell of orthorhombic MgB4O7 shown in Figure 10.4, there are eight interstitial 

sites coordinated by some BO3 and BO4 units. From this point of view, Ce3+ ions, which are the 

luminescence center and have the larger ionic radius (r = 1.01 Å, CN = 6) than Mg2+ ions (r = 

0.72 Å, CN = 6) [40], can prefer these large interstitial sites to the Mg2+ sites. At the same time, 

Li+ ions (r = 0.76 Å, CN = 6) [40] are able to occupy the Mg2+ site, which results in the charge 

compensation for the trivalent Ce3+ ions. With the Kröger-Vink notation, the Li+ ions at this site 

can be denoted as LiMg
 ’ .  

Figure 10.5 shows the STEM images and elemental mappings with EDX for different 

elements (Mg, B, O, and Ce) for GC700. Before the STEM measurements, the GC samples were 

crushed into powder form and then put on a microgrid. When the images are taken in low-

magnification, the observed particles are not the precipitated MgB4O7 crystals but the pulverized 

GCs. Some rod-shaped particles in the order of hundreds of nm were observed around the edge 

of the pulverized GCs. While B and O were spread out homogeneously and characteristic X-ray 

intensity of B and O was proportional to the thickness of the sample, Mg was concentrated on 

these particles, resulting in the high contrast mapping. By taking into account this localization 

of Mg and the XRD patterns in Figure 10.3, these particles were microcrystals of orthorhombic 

MgB4O7, and the glass matrix had boron-rich composition compared with the composition of 

MgB4O7. Ce3+ ions were also located homogeneously in both the crystalline and glass phases. 

Figure 10.4. Crystal structure of the orthorhombic MgB4O7, (a) in the standard orientation of the crystal shape, 
and (b) in the view along the c-axis. 
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Figure 10.6 shows the EDX spectra of GC600, GC700, and GC850. For GC600 and GC700, two 

peaks assigned to Ce Lα and Ce Lβ were observed at around 4.85 and 5.28 keV, respectively. 

These signals were feeble because of the low Ce3+ concentration. However, there was no signal 

attributed to Ce in GC850 because the microcrystals of Ce3+-doped MgB4O7 had aggregated due 

to the high-temperature heat treatment, and no longer existed on the surface of particles.  

Ce3+ and Li+ concentrations were determined by following the previous report [37] to 

obtain the sample with the best dosimetric performance of the GC MgB4O7:Ce3+-Li+. Due to the 

co-existence of the glass and crystalline phase, the actual Ce3+ and Li+ concentrations in the 

MgB4O7 crystals can differ from the assumed one. Considering the very small volume fraction 

of the glassy phase, the deviation of the concentration could be small. Moreover, the Ce3+ 

concentration is also affected by the oxidation state. The Ce4+ state is stable in the glass phase of 

very high basicity through the melt-quenching method in the strong oxidizing atmosphere. 

Since the magnesium borate glass has low basicity, only a very small amount of Ce can be 

oxidized into the tetravalence state. A significant amount of Ce4+ ions would interact with Ce3+ 

ions through the intervalence charge transfer, resulting in the brownish color of the sample. The 

color of the GC samples is white, and no strong absorption is observed in the visible range (the 

diffuse reflectance spectra are shown in Figure 10.7), indicating the absence of Ce4+.  

Figure 10.5. (a) STEM image of GC700, and (b–e) EDX mappings for different elements (Mg, B, O, and Ce). 
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Figure 10.6. EDX spectra of GC600, GC700, and GC850. 

Figure 10.7. Diffuse reflectance spectra of the GC samples. The y-axis is converted to the Kubelka-Munk function, 
which is proportional to the absorption coefficient. 
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10.3.3. PL Properties of Magnesium Borate Glass and Glass-Ceramic Samples 

Based on spectroscopy, the luminescent properties of the prepared samples were investigated. 

Figure 10.8a shows the PLE spectra monitoring at 380 nm. The as-made glass sample showed 

the weak excitation bands peaking at 315 nm. These bands are assigned to the 5d ← 4f transition 

of Ce3+ ions in the glass phase. For the GC samples (GC650–850), the broad excitation bands 

were observed in the UV region below 350 nm, having three major components peaking at 320, 

290, and 270 nm, respectively. In the previous research reported by Gustafson et al. [34], the 

ceramic MgB4O7:Ce3+ sample showed the typical Ce3+ 5d ← 4f excitation bands peaking at ~320 

nm, ~293 nm, and ~270 nm. Therefore, these excitation bands are assigned to the 5d ← 4f 

transition of Ce3+ ions in the crystalline phase of MgB4O7. Despite precipitation of the crystalline 

MgB4O7, the GC600 showed a similar spectral shape to the as-made glass. Judging from the 

weak XRD peak intensity described in Figure 10.3, this similarity is because Ce3+ luminescence 

in the glass phase was dominant due to the low crystallinity of MgB4O7. For the GC850 sample, 

the PLE intensity was much weaker than other samples. The cause of this phenomenon will be 

discussed in the following paragraph.  

Figure 10.8b shows the PL spectra under UV excitation (λex = 280 nm). The samples 

Figure 10.8. (a) PLE spectra of all the samples, monitoring Ce3+ emission at 380 nm. (b) PL spectra of all the 
samples under UV (λex = 280 nm) illumination. (c) RL spectra of all the samples under Cu Kα characteristic X-ray 
illumination. 
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showed UV-to-blue luminescence ranging under 300 to 500 nm, which is assigned to the 5d → 

4f transition of Ce3+ ions. For the as-made glass and GC600 samples, where most of the Ce3+ 

ions are accommodated in the glass matrix, the broad emission bands were located at the UV 

region, peaking at ~330 nm (= 30300 cm−1). On the other hand, for other GC samples, the PL 

bands attributed to the Ce3+ 5d → 4f transition in the MgB4O7 host are peaked at ~370 nm (= 

27000 cm−1), and the spectral shape of these bands was similar to the previous report [34]. When 

Ce3+ ions are in the coordinated environment, 5d excited levels get depressed by the 

nephelauxetic effect by surrounding anions and split by the crystal field [41,42]. In both the glass 

and crystalline phases, Ce3+ ions are surrounded by the same anion species, oxide anions of 

borate groups. Accordingly, the degree of the centroid shift for the as-made glass and GC 

samples should be similar, and the energy difference of luminescence between them (= 33000 

cm−1) can mainly be due to the ligand field effect. In other words, Ce3+ ions in the crystalline 

MgB4O7 phase show redshifted luminescence because of the crystal field splitting derived from 

the ordered interstitial sites. The Ce3+ luminescence intensity in the glass phase was weaker than 

that in the MgB4O7 crystalline phase. This is because of the high concentration of intrinsic 

disordered defects in the amorphous phase, which can cause luminescence quenching through 

nonradiative relaxation paths. For GC850, the PL intensity was also quite weak, and the peak 

wavelength was blueshifted, compared with other GC samples. As this spectral shape was similar 

to the PL bands in the glass matrix discussed above, Ce3+ luminescence in the glass phase, which 

was slightly present between the MgB4O7 particles, was mainly observed. In the MgB4O7 

crystalline phase in GC850, the concentration quenching of Ce3+ 5d → 4f luminescence occurred, 

because the distance between adjacent Ce3+ ions got shorter owing to the aggregation of 

MgB4O7:Ce3+ crystals. 

10.3.4. RL Properties of Magnesium Borate Glass and Glass-Ceramic Samples 

In Figure 10.8c, the RL spectra excited by Cu Kα characteristic X-ray at room temperature are 

shown. The as-made glass sample showed very weak emission under X-ray irradiation; it can be 

difficult to excite 4f electrons of Ce3+ ions in the glass matrix with ionizing radiation. In contrast, 

the GC samples showed stronger RL intensity than the as-made glass sample; that is, X-ray could 
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excite the Ce3+ ions efficiently in the crystalline phase. This is the reason the GC600 and GC850, 

in which the Ce3+ luminescence in the glass phase was dominant (see Section 10.3.3), showed 

weak RL.  

As with the PL spectra, the characteristic Ce3+ 5d → 4f emission bands were observed, 

peaking at ~340 and ~360 nm. However, compared with the PL spectra shown in Figure 10.8b, 

the two emission peaks in the RL spectra were clearly observed, and the width of the bands was 

narrower. The possible explanation for these narrow bands is that luminescence via electron-

hole recombination takes place only on interstitial Ce3+ ions, not on Ce3+ in the disordering 

environment, due to the efficient energy transfer from the host material. In the energetic scale, 

the energy difference between these two peaks is ~2000 cm−1, which is a similar value to the 

energy difference between 2F5/2 and 2F7/2 levels for Ce3+ due to the spin-orbital interaction of the 

4f ground state. These two bands can be assigned to the transitions from the lowest excited level 

5d1 to the 2F5/2 and 2F7/2 levels.  

Despite excitation with the high-power ionizing radiation (~8.0 keV, 1200 W), the RL 

intensity was similar in the order of magnitude as the PL intensity, which means that the 

efficiency of RL was not so high. As previously stated in the introduction, the excitation with 

ionizing radiation creates a lot of electron-hole pairs, which will only produce Ce3+ emission if 

the excitons become localized on the Ce3+, or if Ce3+ captures a hole followed by an electron with 

the valence state change (Ce3+ + h+ → Ce4+). Nevertheless, since there are other recombination 

routes, the RL intensity is normally much less efficient than direct excitation of the Ce3+ ions. 

10.3.5. TL Properties of the Glass-Ceramic Samples 

Figure 10.9a shows the TL glow curves of the GC samples after 90Sr/90Y β-ray irradiation. During 

the synthesis process, the GC samples were heat-treated over the maximum temperature of TL 

measurements (400 °C) for three hours. The as-made and GC samples did not show any endo- 

and exothermic peaks in the DTA curves below 500 °C, indicating the nucleation and crystal 

growth process did not take place during TL measurements.  

While only GC600, which still has a large amount of glass matrix, showed weak TL, all 

GC samples show two TL glow peaks at ~100 and ~220 °C (labeled peak 1 and peak 2, 
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respectively), whose intensity variations show similar trends to those of PL and RL intensities. 

These two glow peak temperatures are related to their electron trap depth, which is the activation 

energy from some trap levels (donor level) to the host CB; peak 1 and peak 2 are related to 

shallow and deep electron traps, respectively. According to the previous work [29,33,43–51], it 

is well-known that lanthanoid and lithium ions in the crystal lattice of MgB4O7 can help form 

electron trapping centers related to impurity-related defects. Notably, the shape of the TL glow 

peak 2 for GC samples was similar to that of the powder MgB4O7:Ce3+-Li+ prepared through the 

combustion synthesis method, except for GC600 [34]. For GC600, the TL intensity of peak 2 

was quite weak because the ceramization process was not completed. Therefore, these TL glow 

curves indicate that the precipitation of MgB4O7:Ce3+-Li+ worked well for the electron trap 

formation. With increasing heat treatment temperature, peak 2 was shifted toward the high-

temperature side, and GC850 showed an additional TL glow peak at ~300 °C. Considering the 

impurity phase confirmed by XRD, it suggests that this additional peak at the higher 

temperature region can be assigned to the electron traps related to the impurity Mg2B2O5 phase. 

    For further investigation into the behavior of electron traps, the TL glow curves of GC750 

with different delays between 90Sr/90Y β-ray irradiation and TL readout (0–60 min) are shown in 

Figure 10.9b. Those of the other samples are shown in Figure 10.10. The TL intensity of peak 1 

declined gradually with the delay time. This decline is called fading, which is interpreted as 

electron release from the trap levels via the thermally activating process at room temperature 

[52,53]. This fading is undesirable in dosimetry because the time-dependent of the resultant TL 

signal makes the precise estimation of the radiation dose difficult. In contrast, the TL intensity 

of peak 2 associated with the deep trap was almost unchanged, which indicates that the electrons 

in the associated trapping centers are stable.  
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Figure 10.9. TL glow curves of (a) all the GC samples, and (b) GC700 with different delay time (0–60 min). 
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Figure 10.10. TL glow curves with different delay time (0−60 min) for (a) GC600, (b) GC650, (c) GC700, (d) 
GC800, and (e) GC850 samples. 
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10.3.6. OSL Properties of the Glass-Ceramic Samples 

The GC samples show OSL under visible light stimulation due to the electron traps confirmed 

by the TL glow curves. The typical OSL emission and stimulation spectra of the GC700 are 

shown in Figure 10.11. The OSL emission bands had the same spectral shapes as the RL spectra 

of the GC samples (Figure 10.8c). The results indicate the origin of the OSL emission was the 

Ce3+ 5d → 4f transition in the MgB4O7 crystal. The OSL emission intensity decreased 

monotonously with the stimulating duration, which is characteristic of OSL emission due to 

releasing the trapped electrons. The OSL stimulation spectra showed a similar shape to the 

spectra reported by Gustafson [34]. 

For a test and comparison of the performance of each GC sample as an OSL dosimeter, 

the OSL signal was measured with various delays (1–600 min) after β-ray irradiation. Figure 

10.12 shows the total OSL fading curves of each sample, where the OSL signal was plotted as a 

Figure 10.11. (a) Persistent luminescence (PersL) and OSL emission spectra of the GC700 sample at room 
temperature. The right and left axis indicate OSL and PersL intensity, respectively. First, the sample was irradiated 
by X-ray (40 kV, 30 mA) for 10 min. Under no irradiation of light, PersL related to the shallow traps was observed. 
After the PersL spectrum was measured, the OSL emission was obtained. The stimulation light was the 
monochromatic green light with a wavelength of 510 nm obtained by a Xe lamp. (b) OSL stimulation spectra of the 
GC700 sample monitored at 370 nm. After the irradiation of X-ray, the sample was heat-treated at 80 °C for 30 min 
to release electrons trapped by the shallow traps and eliminate the effect of PersL. The time in the legend means the 
stimulating duration by blue light with a wavelength of 410 nm. 
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function of delay time. All GC samples show the monotonic decline of the OSL intensity owing 

to fading. As expected from the RL spectra (Figure 10.8c) and the TL glow curves (Figure 10.9a), 

the total OSL intensity of GC650 and GC700 were strong. However, they were still declining 

between 300 and 600 min, indicating that further fading may take place. On the other hand, for 

GC750 and GC800, the total OSL intensity stays essentially unchanged after 300 min delay, 

which indicates possibly low fading of the OSL intensity above 600 min, allowing a more precise 

estimation of the radiation dose.  

    To examine the stability of the electrons captured by traps, the fading ratio, defined as the 

ratio of the OSL signal with 600 min delay to the initial OSL signal, can be a good indicator. The 

fading ratio of each sample is listed in Table 10.1. Although GC650 and GC 700 showed very 

strong OSL, their fading ratio is high, which implies that around one-fourth of trapped electrons 

is lost after 600 min delay; they are less suitable for dosimetry applications. By contrast, GC750 

and GC800 show low fading ratios, 12.7 and 17.5%, respectively, due to the deep traps which 

show little fading. These characteristics are very suitable for the OSL dosimetry of high 

Figure 10.12. Fading curves of total OSL signal for all the GC samples. 



Chapter 10. Development of Ce3+ and Li+ Co-doped Magnesium Borate Glass Ceramics 
for Optically Stimulated Luminescence Dosimetry 

285 

performance. 

    Finally, the OSL intensity of the GC700 sample was compared with two OSL materials, 

the MgB4O7:Ce3+-Li+ sample prepared by solution combustion (SC) described by Gustafson et 

al. [34] and commercial Al2O3:C. For improvement of the comparison, all samples were used in 

powder form, and the results were normalized by the powder mass. The GC700 sample was 

crushed using an agate mortar and pestle. Approximate 2.0 mg MgB4O7:Ce3+-Li+ SC, 4.1 mg of 

GC700 sample, and 6.4 mg of Al2O3:C were used in each cup. Nevertheless, one must keep in 

mind that this is only an order of magnitude comparison because other factors such as grain size 

and the different optimum stimulation/detection wavelength for MgB4O7:Ce3+-Li+ and Al2O3:C 

were not taken into account at this stage. The Hoya U-340 filters used in the Risø readers are not 

optimum for Al2O3:C because they block a large part of the main F-center emission band of this 

material. 

Table 10.1. Fading ratio of OSL signal for all the GC samples. Charged GC samples were stimulated by the blue 
LED after each delay time (0–600 min). 

Sample GC600 GC650 GC700 GC750 GC800 GC850 

Fading ratio (%) 39.8 29.3 24.8 12.7 17.5 22.9 

The OSL curves of the samples are shown in Figure 10.13. Here, the y-axis is a logarithmic 

scale for better visualization of the OSL curve. The results demonstrate that the OSL intensity of 

GC700 is comparable to that of commercial Al2O3:C and to that of MgB4O7:Ce3+-Li+ powder 

reported in previous studies [34]. The advantage of the GC samples in comparison with the 

MgB4O7:Ce3+-Li+ SC sample is the potential lower fading of the signal because of the higher 

crystallinity of MgB4O7 in the ceramics, since the TL curves show that the main dosimetric peak 

at ~220 °C is reproducible and does not fade within the experimental conditions used here.  

This work demonstrates that MgB4O7:Ce3+-Li+ as bright as the one obtained by solution 

combustion can also be obtained by the glass-ceramic route, but a more detailed dosimetric 

comparison between the different materials is planned. 
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Figure 10.13. Comparison between the OSL intensity of MgB4O7:Ce3+-Li+ sample (~2.0 mg) prepared by 
combustion synthesis, MgB4O7:Ce3+-Li+ GC700 sample (4.1 mg), and commercial Al2O3:C (6.4 mg). All samples 
were measured in powder form and the OSL intensity was normalized by the sample mass. 
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10.4. Conclusions 

For the expansion of the possibility of the prospective dosimetric material, Ce3+ and Li+ co-

doped MgB4O7, the GC samples of MgB4O7:Ce3+-Li+ were successfully synthesized by 

ceramming a magnesium borate glass with the composition of 25MgO-72B2O3-3Li2O-0.3Ce3+ 

at 600, 650, 700, 750, 800, and 850 °C. It was confirmed by XRD that the obtained GC samples 

had the MgB4O7 crystals as the main phase with a small amount of impurity Mg2B2O5 phase. 

The GC samples showed a typical blue PL band due to the Ce3+ 5d → 4f transition under UV 

illumination, whose peak was redshifted from the peak in the as-made glass. For the GC samples, 

the RL bands of Ce3+ luminescence under X-ray irradiation were narrower than the PL bands 

because the Ce3+ ions in the MgB4O7 phase were selectively excited. In the TL glow curves after 

β-ray irradiation, the GC samples showed two TL glow peaks at ~100 °C and ~220 °C. Due to 

the presence of the shallow electron traps, the fading of TL and OSL took place. Considering the 

fading ratio of the OSL intensity stimulated by a blue LED, GC750 and GC800 showed good 

stability for the radiation dose storage. These results show that GC750 and GC800 have the 

potential to be an excellent material for dosimetry if the influence of shallow traps can be 

reduced either during the synthesis process or by application of a pre-heating before the OSL 

readout.  
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Summary 
In this dissertation, it was investigated how the unique electronic structure and local 

environment of various mixed-anion compounds affect the properties of the luminescence 

centers through spectroscopic methods, and the luminescent properties of some oxynitrides and 

oxyhalides were characterized in a complex manner by combining spectroscopy with other 

techniques such as crystal structure analysis and ab initio calculations. 

     In Chapter 1, as the general introduction, the mixed-anion phosphors focused on as the 

novel functional materials are overviewed. Although the type of luminescence is determined by 

the cation species acting as the activator, the luminescence properties depend on the electronic 

structure and coordination environment, which can be controlled by the coordinating anion 

species. In the research on luminescent materials, anion-based material design is a useful 

strategy. Some studies about the mixed-anion phosphors following these concepts are 

introduced. The purposes and contents of the studies in this dissertation are briefly explained.  

     In Chapter 2, the fundamentals of luminescence phenomena discussed in this dissertation, 

related to the 5d-4f, 4f-4f transitions, charge transfer (CT) transition, and exciton states, are 

overviewed briefly. As the character of the host materials providing unique luminescence 

properties, the point groups in crystals and the band structure are introduced. Especially, the 

band structure for the luminescence materials activated by lanthanoid ions is described by the 

vacuum referred binding energy (VRBE) diagram, which is very useful to predict the 

luminescence properties and discuss the luminescence mechanisms. 

     In Chapter3, the Eu3+-doped YSiO2N oxynitride was fabricated, and its luminescent 

properties were investigated. The YSiO2N:Eu3+ sample was excited efficiently by near-UV light 

(280–360 nm) and showed very intense red luminescence assigned to the Eu3+ 4f-4f transitions. 

Compared with prepared Eu3+-doped oxide samples (α-CaSiO3:Eu3+, α-Y2Si2O7:Eu3+, and y-

Y2Si2O7:Eu3+), in YSiO2N:Eu3+, there were two major different luminescent features: the CT 

excitation band got redshifted by more than 9500 cm−1 because the energy of the valence band 

(VB) top got increased due to the N 2p orbitals; the spectral intensity of the 5D0 → 7F2 transition 

peaking at 626 nm got stronger because the Eu3+ occupied asymmetric Y3+ sites due to partial 
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substitution of O2− by N3−. From the Judd-Ofelt analysis, the YSiO2N:Eu3+ sample had the much 

larger Judd-Ofelt intensity parameter, Ω2, which depends on site-asymmetry, than other oxide 

samples. The fluorescence lifetime was estimated experimentally to be 0.664 ms, which was 

shorter than the radiative lifetime based on the Judd-Ofelt analysis of 1.32 ms. The experimental 

quantum yield of 32.3 % was lower than the calculated internal quantum efficiency of 50.3%. 

For development of red phosphors activated by Eu3+ for LEDs applications, Eu3+-doped mixed-

anion compounds have a significant potential to improve the main parameters of white LEDs.  

In Chapter 4, the Eu3+ luminescence properties in oxynitride coordination environments 

for YSiO2N were thoroughly investigated in terms of the site-selective and time-resolved 

spectroscopy with the precise crystallographical data. The single-crystal X-ray and the time-of-

flight neutron diffraction successfully identified the crystal structure of YSiO2N as the 

monoclinic lattice with the space group C2/c. In this lattice, all Eu3+ ions are incorporated in the 

[YO6N2] dodecahedra, classified into two groups with centrosymmetry; Cn and Ci sites. Eu3+ ions 

at the Cn and Ci sites showed a completely different radiative rate for the electric dipole transition, 

resulting in the 27 times enhanced 5D0 → 7F2 luminescence and the 8.4 times shorter 

luminescence lifetime by lacking an inversion center. The temperature dependence of the 

luminescence lifetime for the Eu3+ ions in Ci sites revealed that the thermally induced deviation 

from centrosymmetry increases the radiative rate with the Judd-Ofelt intensity parameter Ωt 

increasing. Despite the significant difference in the radiative rate, the ligands-Eu3+ CT states were 

affected scarcely by site symmetry but severely by anion species. The ab initio calculation results 

and the photoluminescence excitation (PLE) spectra suggested that the thermal quenching of 

the Eu3+: 5D0 luminescence occurs via the CT states between N3− and Eu3+ ions. The results 

indicate that not only the mixed-anion coordination but also the local structure that induces 

some distortion is necessary for the improvement of Eu3+ luminescence. The YSiO2N:Eu3+ 

provides a new possibility for developing the near-UV excitable narrow-band red phosphors 

with partial N3− coordination. 

     In Chapter 5, the photoluminescence (PL) properties of the Eu2+-doped YSiO2N sample 

at low temperatures were investigated in detail. The X-ray absorption spectroscopy revealed that 



Summary 

294 

 

almost half Eu ions in the sample were reduced into a divalent state through the high-

temperature synthesis under the inert atmosphere. The as-made sample, including Eu2+ ions, 

showed the deep-red to near-infrared (NIR) luminescence at low temperatures below 300 K. 

Compared with typical Eu2+: 5d-4f luminescence, this luminescence was anomalous in terms of 

the following points; an abnormally large bandwidth (4061 cm−1) and Stokes shift (5677 cm−1) 

even at 4 K, deep-red to NIR luminescence peaking at 756 nm, and a complicated thermal 

quenching behavior. These features indicated that the anomalous luminescence in the 

YSiO2N:Eu2+/3+ sample is related to the Eu2+-trapped exciton states. The VRBE diagram suggested 

that the typical Eu2+: 5d → 4f luminescence was not observed because all the Eu2+: 5d excited 

levels degenerated with the host conduction band (CB). The configurational coordinate diagram 

explained the anomalous luminescence from the Eu2+-trapped exciton states (Eu3+ + e−) which 

were located just below the CB bottom, by taking the lattice relaxation into account. This study 

provides new insight into the Eu2+-trapped exciton luminescence in Y sites to obtain the deep-

red to NIR luminescence, leading to new candidates for NIR applications, such as lighting, 

sensing, and bio-imaging devices. 

     In Chapter 6, luminescence properties of Ce3+ ions in the monoclinic YSiO2N host were 

investigated at the wide temperature range of 4–600 K. The PL spectra showed the minor 

luminescence component besides the typical Ce3+ luminescence, depending on excitation 

wavelengths. The time-resolved spectroscopy revealed that the minor luminescence center took 

the distribution of luminescence lifetime of 34–58 ns, which is typical for Ce3+: 5d → 4f transition. 

The results suggested that the minor luminescence was assigned to the Ce3+ luminescence in 

some Y3+ sites with intrinsic anion defects. By taking the contribution of this minor Ce3+ 

luminescence into account, Ce3+ luminescence in the [YO6N2] dodecahedra was characterized. 

Despite the site-symmetry, Ce3+ ions in the five nonequivalent Y sites showed almost the same 

properties and were not identified due to the structural similarity of the [YO6N2] dodecahedra. 

The temperature dependence of luminescence lifetimes provided the activation energy for 

thermal quenching of 0.272 eV. All the 5d ← 4f excitation bands of Ce3+ ions in the [YO6N2] 

dodecahedra were observed with the vacuum-UV spectroscopy, leading to the crystal field 
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splitting of 1.69 eV and centroid energy of 4.11 eV. 

     In Chapter 7, the Ce3+ persistent luminescence (PersL) in the YSiO2N host was 

successfully enhanced by co-doping Sm3+ and Tm3+ ions, as predicted by the semi-empirical 

VRBE diagram. The VRBE diagram of the YSiO2N host was constructed with the 

experimentally obtained parameters, including the host exciton creation energy, the CT energy 

for Eu3+, and the centroid shift of Ce3+ 5d levels, leading to the optimal co-dopant lanthanoid 

ions, Sm3+ and Tm3+, to obtain Ce3+ PersL at ambient temperature. The electron trap depths for 

Tm3+ and Sm3+ ions were estimated to be 0.726 and 1.04 eV, respectively. The prepared 

YSiO2N:Ce3+-Ln3+ (Ln = Sm or Tm) samples enhanced the Ce3+ blue PersL at 30 s after the 

excitation ceased by 2–3 times. The thermoluminescence (TL) glow curves of the Ln3+ co-doped 

samples showed additional glow peaks related to Ln-traps and enhanced the TL intensity related 

to intrinsic defects. The TL glow curve analyses with the initial rise method combined with the 

thermal cleaning and trap density methods revealed that the Ln-traps located below the CB have 

a distribution with ~0.25 eV width, whose centers were similar to the predicted trap depth by 

the constructed VRBE diagram.  

     In Chapter 8, the influence of the anion variation on Eu3+: 5DJ luminescence in the 

isostructural YOX (X = Cl or Br) hosts, yet with the different coordination environment, was 

investigated from the spectroscopic perspective. For Eu3+ ions in the YOCl host incorporated in 

the nine-fold monocapped square antiprism polyhedra [YO4Cl5] with noncentrosymmetric C4v 

symmetry, the Judd-Ofelt Ω2 parameter of the YOCl:Eu3+ was 8.81 × 10−20 cm2, comparable to 

the Eu3+-doped oxides Y2O3 or YVO4. The Ω4 parameter also took a large value, 11.4 × 10−20 cm2. 

On the other hand, the YOBr host consisted of the eight-fold distorted square antiprism 

[YO4Br4] with C4v symmetry due to the large separation of two [Br-Y-O-Y-Br] sheets attributed 

to the covalency of Br. The Ω2 parameter of the YOBr:Eu3+ was relatively small, 2.72 × 10−20 cm2, 

because of the structural similarity to the eight-fold regular square antiprism with D4 symmetry. 

The Ω4 parameter was also significantly large, 13.1 × 10−20 cm2, due to the strongly covalent 

environment [Eu3+O4Br4]. The CT band energies ECT for the YOCl:Eu3+ and YOBr:Eu3+ were 

estimated to be 38163 cm−1 and 36686 cm−1, respectively. The smaller ECT for the YOBr:Eu3+ 
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resulted in the low thermal activation energy of the 5D0 luminescence quenching. The difference 

in the relaxation processes of excited electrons between the CT and 4f-4f transitions made the 

precise assignment of complicated spectral structures possible. The large offset of the CT states 

in the configuration coordinate diagram for the YOX: Eu3+ caused thermally unstable and 

inefficient Eu3+ luminescence with the CT transition. It was revealed that the Judd-Ofelt intensity 

parameters Ωt are significantly affected by the geometry of coordination polyhedra and the 

bonding character between Eu3+ ions and coordinating anions. The mixed-anion materials with 

the regular square antiprism-like local geometry have the great potential to show the intense 5D0 

→ 7F4 luminescence located at ~700 nm, which is desirable as a fluorescence probe in biological 

applications. 

     In Chapter 9, the square pyramidal [WO5]4− cluster in the oxychloride Ca3WO5Cl2 showed 

the cyan CT luminescence between W 5d and O 2p orbitals. Compared with the blue CT 

luminescence of the [WO6]6− octahedron in the oxide Ca3WO6, this cyan CT luminescence 

showed the higher absorption and lower luminescence energies. Because these characteristics 

of the [WO5]4− square pyramid were not explained by the simple molecular orbital diagram for 

Oh symmetry, the ab initio calculations with the discrete-variational Xα (DV-Xα) and DV multi-

electron (DVME) methods were performed to discuss the luminescence properties of the 

Ca3WO5Cl2. Both the one- and multi-electron calculations revealed that the [WO5]4− square 

pyramid took the larger CT energy due to not the crystal field splitting but the Madelung 

potential related to the existence of Cl− ions in a lattice. However, since the ab initio molecular 

orbital and configuration interaction calculation cannot take the structural relaxation of the 

excited states into account, the redshift of the CT luminescence for the [WO5]4− cluster could 

not be understood by these ab initio calculation results. Supposing that the CT excited states of 

the [WO5]4− cluster took the larger offset in the qualitative configurational coordinate diagram, 

the redshift and the lower quenching temperature of the CT luminescence for the [WO5]4− 

square pyramid were accounted for. The results in this study are expected to promote research 

on the CT luminescence of tungstates in a variety of material groups including mixed-anion 

compounds. 
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     In Chapter 10, for the expansion of the possibility of the prospective dosimetric material, 

Ce3+ and Li+ co-doped MgB4O7, the glass-ceramic (GC) samples of MgB4O7:Ce3+-Li+ were 

successfully synthesized by ceramming a magnesium borate glass with the composition of 

25MgO-72B2O3-3Li2O-0.3Ce3+ at 600, 650, 700, 750, 800, and 850 °C. It was confirmed by X-ray 

diffraction that the obtained GC samples had the MgB4O7 crystals as the main phase with a small 

amount of impurity Mg2B2O5 phase. The GC samples showed a typical blue PL band due to the 

Ce3+ 5d → 4f transition under UV illumination, whose peak was redshifted from the peak in the 

as-made glass. For the GC samples, the Ce3+ radioluminescence bands under X-ray irradiation 

were narrower than the PL bands because the Ce3+ ions in the MgB4O7 phase were selectively 

excited. In the TL glow curves after β-ray irradiation, the GC samples showed two TL glow peaks 

at ~100 °C and ~220 °C. Due to the presence of the shallow electron traps, the fading of TL and 

optically stimulated luminescence (OSL) took place. Considering the fading ratio of the OSL 

intensity stimulated by a blue LED, GC750 and GC800 showed good stability for the radiation 

dose storage. These results show that GC750 and GC800 have the potential to be an excellent 

material for dosimetry if the influence of shallow traps can be reduced either during the 

synthesis process or by application of a pre-heating before the OSL readout. 

     Through a series of studies in this dissertation, the luminescent properties of some 

oxynitrides and oxyhalides were characterized, and the relationships between these properties 

and the physical and chemical features of mixed-anion coordination were discussed. In the 

discipline of luminescent materials, some mixed-anion compounds have been familiar to 

researchers and utilized for practical applications. However, to achieve the revolutionary 

materials, the systematical work on luminescence in minor compounds, such as oxyhydrides 

and oxysulfides, is required. Besides, new mixed-anion-type materials, such as oxygen-free 

compounds and compounds with more than two kinds of anions, are emerging. Further 

materials exploration and spectroscopic investigation will be performed by a high-throughput 

searching with machine learning and cutting-edge techniques (e.g., high-resolution time-

resolved spectroscopy or characterization of tiny particles in µm). The results are expected to 

promote more active research as a pioneer of work on the mixed-anion phosphors. 
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Appendix A 

List of Experimental Judd-Ofelt Intensity 

Parameters Ωᾰ for Eu3+-Doped Inorganic Crystals 
 

In this appendix, the Judd-Ofelt intensity parameters Ωλ (λ = 2, 4, 6) of a variety of Eu3+-doped 

inorganic-crystalline materials, obtained based on spectroscopic experiments, are collected and 

listed. As explained in Chapter 2, the spontaneous emission rate of 4f-4f transition for 

lanthanoid ions depends on the Ωλ parameters, which are specific to the compounds, in 

particular, the site-symmetry around Ln3+ ions. The Ωλ parameters vary from the Ln3+ species; 

i.e., the Ωλ parameters for Eu3+ and other Ln3+ ions, such as Tm3+ and Yb3+ ions, should be 

different because they depend on the expansion of 4f electron clouds (see section 2.1.3.2). All 

the data were extracted from the literature in the reference list. The Ωλ parameters in this list 

were obtained without any consideration about the J-mixing between the adjacent levels. In 

order to compare the effect of the intrinsic local environment, the values of the samples with 

high crystallinity and low Eu3+-concentration are collected. The sample forms are shown as far 

as possible (the term of NPs means nanoparticles). 
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Table A. Judd-Ofelt intensity parameters Ωλ (λ = 2, 4, 6) for various Eu3+-doped crystalline materials 

host categories form site-sym. Ω2 
(10−20 cm2) 

Ω4 
(10−20 cm2) 

Ω6 
(10−20 cm2) 

ref. 

Solution – – – 1.62 5.65 5.02 [1] 

Y2O3 RE2O3 particles (µm) C2 / S6 9.86 2.23 < 0.32 [2] 

Y2O3 RE2O3 particles (µm) C2 / S6 9.9 3.4 – [3] 

Gd2O3 RE2O3 NPs (15 nm) C2 / S6 5.61 1.57 < 0.5 [4] 

Gd2O3 RE2O3 NPs (23 nm) C2 / S6 2.5 1.08 < 0.5 [4] 

Gd2O3 RE2O3 NPs (135 nm) C2 / S6 5.28 1.66 < 0.5 [4] 

Gd2O3:Li RE2O3 films on Al2O3 C2 / S6 14.7 3.82 – [5] 

Gd2O3:Li RE2O3 films on Si C2 / S6 9.77 2.85 – [5] 

Gd2O3:Li RE2O3 films on quartz C2 / S6 8.28 4.11 – [5] 

Gd2O3 RE2O3 nanorods C2 / S6 10.7 1.81 0.175 [6] 

Gd2O3 RE2O3 NPs (42.3 nm) C2 / S6 15.6 1.42 – [7] 

(Lu0.25Gd0.75)2O3 RE2O3 NPs (31.5 nm) C2 / S6 13.6 0.84 – [7] 

(Lu0.5Gd0.5)2O3 RE2O3 NPs (25.6 nm) C2 / S6 13.27 1.22 – [7] 

(Lu0.75Gd0.25)2O3 RE2O3 NPs (24.2 nm) C2 / S6 11.3 1.06 – [7] 

Lu2O3 RE2O3 NPs (26.6 nm) C2 / S6 12.2 1.2 – [7] 

Lu2O3 RE2O3 bulk C2 / S6 6.14 1.71 – [8] 

Lu2O3 RE2O3 NPs (50 nm) C2 / S6 9.07 2.6 – [8] 

Lu2O3 RE2O3 nanorods C2 / S6 9.21 2.62 – [9] 

YVO4 vanadates particles (µm) D2d 7.49 0.47 – [10] 

YV0.95P0.05O4 vanadates/phosphates particles (µm) D2d 7.66 0.49 – [10] 

YV0.5P0.5O4 vanadates/phosphates particles (µm) D2d 4.47 0.35 – [10] 

YV0.05P0.95O4 vanadates/phosphates particles (µm) D2d 1.42 0.36 – [10] 

YPO4 phosphates  particles (µm) D2d 0.78 0.38 – [10] 

NaMg(PO3)3 phosphates – C3 / S6 2.09 4.24 – [11] 

KLa(PO3)4 phosphates – C1 2.27 3.21 – [12] 

LiGd5P2O13 phosphates – Cs 8.79 6.54 – [13] 

KCaBO3 borates  – C1 4.62 2.08 1.77 [14] 

α-Y2Si2O7 silicates – C1 3.95 7.22 – [15] 

y-Y2Si2O7 silicates – Ci 3.69 2.79 – [15] 
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Table A. Judd-Ofelt intensity parameters Ωλ (λ = 2, 4, 6) for various Eu3+-doped crystalline materials (Continued) 

host categories form site-sym. Ω2 
(10−20 cm2) 

Ω4 
(10−20 cm2) 

Ω6 
(10−20 cm2) 

ref. 

CaSiO3 silicates – Ci / C1 / C2 1.72 2.59 – [15] 

Sr2SiO4 silicates – C1 (CN 10) 1.4 0.49 – [16] 

Sr2SiO4 silicates – C1 (CN 9) 8.75 14.7 – [16] 

Zn2SiO4 silicates Bulk (microwave) C1 6.82 4.38 – [17] 

Zn2SiO4 silicates Bulk (electric furnace) C1 6.3 4.13 – [17] 

Ca2YSc2GaSi2O12 silicates (garnets) – D2 2.21 2.89 2.26 [18] 

Y3Al5O12 aluminates (garnets) – D2 0.99 2.69 – [19] 

YAlO3 aluminates (perovskites) single-crystal Cs 2.66 6.33 0.8 [20] 

GdAlO3 aluminates (perovskites) particle (µm) Cs 1.84 2.23 – [21] 

LaAlO3 aluminates (perovskites) NPs (~27nm) D3 8.01 4.89 – [22] 

ZnAl2O4 aluminates NPs (100–150nm) distorted D3d 5.28 2.64 – [23] 

Sr2SAl2SiO7 aluminosilicates – Cs 3.6 1.68 1.78 [24] 

NaAlSiO4 aluminosilicates Bulk C4v 5.89 3.19 – [25] 

Y2Mg2Al2Si2O12 aluminosilicates Bulk C2 1.62 2.73 – [19] 

CaTiO3 oxides (perovskites) particle (µm) Cs 8.73 0.48 – [26] 

BaTiO3 oxides (perovskites) nonocrystals (31nm) C4v 1.11 0.28 – [27] 

BaTiO3 oxides (perovskites) nonocrystals (37.5nm) C4v 0.18 0.07 – [27] 

CaZrO3 oxides (perovskites) NPs (~40nm) Cs 1.52 0.74 – [28] 

CaHfO3 oxides (perovskites) – Cs 4.98 1.55 – [29] 

LiLaMgWO6 oxides (perovskites) – C2 11.2 1.16 – [30] 

Li3La3W2O12 oxides (perovskites) – C1 11.5 1.16 – [31] 

Lu2Ti2O7 oxides (pyrochlore) particle (µm) D3d 4.68 2.53 – [32] 

NaGdTiO4 oxides – Cs 6.02 1.51 0.37 [33] 

CaMoO4 oxides particle (µm) S4 4.55 0.78 – [34] 

Y2MoO6 oxides particle (µm) C1 / C2 4.44 1.53 – [35] 

Gd2MoO6 oxides particle (µm) C1 / C2 5.01 1.64 – [35] 

La2MoO6 oxides particle (µm) C2 5.81 2.1 – [35] 

Bi2MoO6 oxides particle (µm) C1 3.45 1.81 – [35] 

Y2(MoO4)3 oxides microcrystal C1 8.9 0.54 – [36] 
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Table A. Judd-Ofelt intensity parameters Ωλ (λ = 2, 4, 6) for various Eu3+-doped crystalline materials (Continued) 

host categories form site-sym. Ω2 
(10−20 cm2) 

Ω4 
(10−20 cm2) 

Ω6 
(10−20 cm2) 

ref. 

YNbO4 oxides – C2 6.94 5.00 – [21] 

PbNb2O6 oxides particle (µm) Cs 1.76 2.55 – [37] 

CaWO4 oxides particle (µm) S4 8.18 – – [34] 

NaY(WO4)2 oxides microcrystal S4 8.61 1.12 0.47 [38] 

LiGd(WO4)2 oxides – S4 7.26 2.69 – [39] 

TiO2 (anatase) oxides NPs (~10 nm) D2d 8.70 3.36 – [40] 

ZrO2 oxides nanocrystals (45.8 nm) C1 4.92 4.11 – [21] 

ZnO (A site) oxides NPs (11 nm) C1 9.59 8.11 < 0.25 [41] 

ZnO (B site) oxides NPs (11 nm) Cs / C1 21.5 2.30 < 0.25 [41] 

In2O3 oxides NPs (15–20 nm) C2 14.46 3.92 0.29 [42] 

Ba5Gd8Zn4O21 oxides – Cs 12.7 4.50 5.4 [43] 

Ba2GdV3O11 oxides NPs (30–50 nm) C1 3.48 0.11 – [44] 

LaF3 fluorides – C2v 1.19 1.16 0.39 [45] 

CaF2 fluorides NPs (60 nm) Oh 0.73 2.53 – [46] 

CdF2 fluorides single-crystal Oh 0.59 1.12 0.31 [47] 

NaGdF4 fluorides NPs (~14nm) distorted D3h 2.33 2.62 – [48] 

NaBiF4 fluorides NPs (50–100 nm) S6 2.96 1.36 – [49] 

NaYF4 fluorides nanocrystals (~700 nm) Oh 1.78 1.59 – [50] 

NaYF4 fluorides – Oh 2.97 2.85 – [21] 

LaOF oxyhalides – C3v 11.1 1.53 – [51] 

LaOF oxyhalides – C3v 5.20 1.10 – [52] 

LaOCl oxyhalides – C4v 3.5 2.57 – [53] 

GdOCl oxyhalides – C4v 3.53 1.99 – [53] 

YOCl oxyhalides – C4v 8.81 11.4 0.982 [54] 

YOBr oxyhalides – C4v 2.72 13.1 2.66 [54] 

BiOF oxyhalides – C4v 0.88 0.57 – [55] 

BiOCl oxyhalides – C4v 1.42 0.69 – [56] 

BiOBr oxyhalides – C4v 1.62 3.16 – [55] 

Lu2O2S oxysulfides – C1 4.02 2.54 – [9] 
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Table A. Judd-Ofelt intensity parameters Ωλ (λ = 2, 4, 6) for various Eu3+-doped crystalline materials (Continued) 

host categories form site-sym. Ω2 
(10−20 cm2) 

Ω4 
(10−20 cm2) 

Ω6 
(10−20 cm2) 

ref. 

Y2O2S oxysulfides – C1 13.0 10.2 – [57] 

YSiO2N oxynitrides – C1 / C2 15.1 5.22 13.1 [58] 

YSiO2N oxynitrides – Ci 0.554 0.57 1.07 [58] 
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Appendix B 

Useful Data for Eu3+: 4f-4f Transition 

 
Here, the 4f energy levels structures and the squared reduced matrix elements (RMEs) of 4f-4f 

transition for Eu3+ are summarized to utilize the practical experimental studies. The 4f energy 

levels in the free-ion state and a coordination polyhedron (C2 symmetry of Y2O3 and D2d 

symmetry of YVO4) are useful to assignment for the transition observed in spectra at the visible 

region and discussion on the degree of crystal field splitting (i.e., Stark splitting). By referring to 

the RMEs, one can discuss the transition probability between some two levels, 2S+1LJ and 2S’+1L’J’. 

Further important data is summarized in the review papers [1,2].  
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Table B.1. Crystal field splitting of 2S+1LJ manifolds of Eu3+ ions 

2S+1LJ Free ion [1,3] Y2O3 (C2-site) [4] YVO4 (D2d-site) [4] 

7F0 0 0 0 

7F1 379 
199, 359, 

543 

337, 

376 

7F2 1043 
859, 906, 

949, 1379 

936, 985, 

1038, 1116 

7F3 1896 

1847, 1867, 

1907, 2008, 

2021, 2130, 

2160 

1854, 1873, 

1903, 1904, 

1957 

7F4 2869 

2668, 2800, 

2846, 3015, 

3080, 3119, 

3163, 3178, 

3190 

2700, 2830, 

2867, 2879, 

2923, 2988, 

3063 

7F5 3912 

3755, 3825, 3904, 

3938, 4019, 4062, 

4127, 4158, 4227, 

4291 

3750, 3800, 

3870, 3915, 

3928, 3949, 

4065 

7F6 4992 

4589, 4611, 4791, 

4812, 4925, 4960, 

5032, 5045, 5271, 

5314, 5459, 5636 

4867, 4916, 

4947, 5050, 

5053, 5071 

5D0 17227 17216 17183 

5D1 18973 
18930, 18954, 

18992 

18932, 

18941 

5D2 21445 

21355, 21357, 

21396, 21487, 

21503 

21407, 21419, 

21462, 21473 

5D3 24335 

24258, 24267, 

24284, 24330, 

24354 

24271 
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Table B.2. Squared reduced matrix elements |<4f6[α’S’L’]J’||Uλ||4f6[αSL]J>|2 (λ = 2, 4, 6) for intermaniford 
transition of 2S’+1L’J’ → 2S+1LJ for Eu3+ ionsa [4,5] 

2S’+1L’J’ → 2S+1LJ |<||U2||>|2 |<||U4||>|2 |<||U6||>|2 

7F1 → 7F0 0 0 0 

7F2 → 
7F0 0.1374 0 0 

7F1 0.0518 0 0 

7F3 → 

7F0 0 0 0 

7F1 0.2092 0.1281 0 

7F2 0.1863 0.2124 0 

7F4 → 

7F0 0 0.1402 0 

7F1 0 0.1741 0 

7F2 0.2226 0.0062 0.0329 

7F3 0.3880 0.1352 0.1588 

7F5 → 

7F0 0 0 0 

7F1 0 0.1192 0.0544 

7F2 0 0.3153 0.2089 

7F3 0.1754 0.2527 0.3836 

7F4 0.5684 0.0128 0.4412 

7F6 → 

7F0 0 0 0.1450 

7F1 0 0 0.3774 

7F2
 0 0.0477 0.4696 

7F3
 0 0.2310 0.4135 

7F4
 0.0856 0.5145 0.2691 

7F5
 0.5410 0.6451 0.1213 

5D0 → 

7F0
 0 0 0 

7F1
 0 0 0 

7F2
 0.0032 0 0 

7F3
 0 0 0 

7F4
 0 0.0023 0 
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Table B.2. Squared reduced matrix elements |<4f6[α’S’L’]J’||Uλ||4f6[αSL]J>|2 (λ = 2, 4, 6) for intermaniford 
transition of 2S’+1L’J’ → 2S+1LJ for Eu3+ ionsa [4,5] (Continued) 

2S’+1L’J’ → 2S+1LJ |<||U2||>|2 |<||U4||>|2 |<||U6||>|2 

5D0 → 
7F5 0 0 0 

7F6 0 0 0.0005* 

5D1 → 

7F0 0 0 0 

7F1 0.0025 0 0 

7F2 0.0009* 0 0 

7F3 0.0038 0.0019 0 

7F4 0 0.0028 0 

7F5 0 0.0009* 0.00005* 

7F6 0 0 0.0006* 

5D0 0 0 0 

5D2 → 

7F0 0.0009* 0 0 

7F1 0.0002* 0 0 

7F2 0.0018 0.0015 0 

7F3 0.0023 0.0026 0 

7F4 0.0020 0.0003 0.0040 

7F5 0 0.0016 0.00002* 

7F6 0 0.00002* 0.0002 

5D0
 0.0142 0 0 

5D1
 0.0122 0 0 

aThe values marked with asterisk * are taken from the reference [3]. 
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