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1.1 White-light LEDs 

After the discovery of blue light emitting diode (LED) based on high-quality 

crystals of GaN, AlGaN, and GaInN in the early 1990s [1,2], the development of white 

solid-state lighting with blue, green, and red LEDs was accelerated. However, the 

degradation rate of these LEDs was different, causing variations in white color lighting. 

In addition, the color rendering index was poor due to the narrow-band-emitting of the 

three primary colors. Therefore, it was proposed that the combination of a blue LED and 

a broad-band yellow phosphor could produce better white light. These phosphor-

converted LEDs (pcLEDs) have been widely used in lighting applications and social life. 

In the 2010s, the cost and supply of rare earth, which is used for activators for phosphors, 

had programs due to China's export controls. The development of new phosphors without 

rare earth as an activator has been rapidly conducted in terms of cost and supply. There 

are some properties required of phosphors for the pcLEDs; 

 

・conversion from blue to other colors, such as red, yellow, and green. 

・single phosphor white (a blue LED and a yellow phosphor), or Multi-phosphor white 

(a UV LED and blue, green, and red phosphors). 

・thermal stability, ideally it will be stable to at least 200 °C. 

 

There are four approaches to realizing the white light from the pcLEDs. It is 

difficult to obtain white light LEDs with both a high color rendering index and luminous 

efficacy due to trade-off.  
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(a) A combination of blue, green, and red LEDs, poor color rendering index, and highest 

luminous efficacy in (a)~(d). 

(b) A pcLED consisting of a blue LED and green and red phosphors, a higher color 

rendering index but lower luminous efficacy than that of (a). 

(c) A pcLED consisting of a blue LED and a yellow-orange phosphor, lower color 

rendering index but higher luminous efficacy than that of (b) 

(d) A pcLED consisting of a UV LED and blue, green, and red phosphors, highest color 

rendering index but lowest luminous efficacy in (a)~(d). 

 

It is important to generate the white light to match the requirements of users. 

High color rendering of white light is necessary for a commercial or domestic situation, 

while the color rendering is not so important to read a book with only black and white 

pages. Color rendering index above 80% is acceptable for domestic use. The discovery 

of new green and red phosphors is the most important challenge for lighting and display 

applications [3]. 
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1.2 Phosphors for pcLEDs 

1.2.1 Metal-oxide based phosphor 

Some advantages of oxide-based phosphor are good chemical stability and 

simple synthetic method compared with other anion-based phosphor.  

 

1.2.1.1 Yttrium Aluminum Garnet Activated by Trivalent Cerium (Y3Al5O12: Ce3+) 

The first report of Y3Al5O12: Ce3+ (YAG: Ce3+) was in 1967, this material was 

used for a cathodoluminescence phosphor [4]. A combination of blue LED and YAG: Ce3+ 

generates white light with low cost and high luminous efficacy.  

The excitation and emission peak of YAG: Ce3+ is at around 470 nm and 550 nm, 

respectively. The emission wavelength is modulated by the element doping such as Gd3+ 

and Ga3+ to the A-site or B-site of the host material of YAG [5-7]. In summary, the YAG: 

Ce3+ is applied to generate white light with high luminous efficacy under blue light 

excitation, and its emission is controlled by element substitution. However, the other 

phosphors are necessary to obtain a high color rendering index. 
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1.2.1.2 Alkaline earth metal silicates  

Barry reported Eu2+-activated An3MgSi2O8 (An = Ca2+, Sr2+, and Ba2+) 

phosphors with high luminous efficacy. The emission wavelength is controlled by 

changing alkaline earth metal ions in this system [8]. Eu2+-activated An2SiO4 (An = Ca2+, 

Sr2+, and Ba2+) phosphors were also reported as green to yellow phosphors for pcLEDs. 

The cationic size of alkaline earth metal affects the emission wavelength [9-12]. These 

phosphors were commercialized, but they have poor stability. The luminescence 

properties depend on the condition of their synthesis: 

 

・suitable row materials (purity, reactivity) 

・selection of good flux materials 

・reducing atmosphere (N2/H2) 

・heating temperature and rate of heating (and cooling) 
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1.2.2 Metal-nitride based phosphor 

There are some advantages of nitrides over oxides:  

・highly condensed anionic networks, resulting in high density, good chemical stability, 

and greater hardness.  

・large red-shift, small thermal quenching. 

1.2.2.1 𝜷-sialon: Eu 

𝛽-sialon is one of the best green phosphors for LED backlight because of its 

narrow emission and high thermal stability. The crystal structure of 𝛽-sialon is derived 

from 𝛽-Si3N4, with the solid solution of Si6-zAlzOzN8-z (0 < 𝑧 ≤ 4.2) [13]. Hirosaki et 

al. first reported the luminescence property of Eu2+-activated 𝛽 -sialon, which is 

synthesized by calcination of powder mixture of Si3N4, AlN, and Al2O3 and Eu2O3 at 

1900-2100 °C in a 1.0 MPa N2 atmosphere [14]. The phosphor exhibits the green emission 

at 535 nm with the FWHM of 55 nm under blue light excitation of 450 nm. 

 

1.2.2.2 Ca-𝜶-sialon: Eu 

The crystal structure of Ca-𝛼 -sialon is derived from 𝛼 -Si3N4, with the solid 

solution of Cam/2Si12-m-nAlm+nOnN16-n (Ca is the modifier, and charge neutral is adjusted 

by the value of m) [15]. Eu2+-activated Ca-𝛼-sialon exhibits the yellow emission at 582 

nm with the FWHM of 94 nm under UV or blue light excitation with a very low thermal 

quenching (The luminescence intensity decreases by 10% at 150 °C).  
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1.2.2.3 CaAlSiN3: Eu 

Eu2+-activated CaAlSiN3 exhibits red emission at 658 nm with the FWHM of 94 

nm. The excitation band is also broad, and it has a small thermal quenching as well as the 

Eu2+-activated Ca-𝛼-sialon. The emission band is modulated by replacing Ca with Sr. The 

emission peak is blue-shifted from 650 nm to 610 nm by increasing the amount of Sr [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

1.3 Host materials for phosphors 

The luminescence properties are greatly affected by the coordination 

environment around the activator in the host lattice. The coordination environment 

depends on the crystal structure of host materials. The polyhedron with different 

coordination numbers (such as tetrahedron, octahedron, dodecahedron, tetradecahedron, 

etc.) constitutes the various crystal structures. Here, the perovskite-, pyrochlore-, and 

garnet-type structures are focused in this study. Ideally, the crystal system of these 

structures is cubic. The polyhedron that constitutes these crystal structures is different. 

The structural properties are discussed next.  

 

1.3.1 Perovskite-type structure 

The general formula of the perovskite-type structure is ABX3: twelve-

coordinated tetradecahedral site (AX12), six-coordinated octahedral site (BX6), and X-site. 

Cations with various valence states occupy the A- and B-sites, while anions occupy the 

X-site in the perovskite-type structure. The crystal structure of the perovskite-type 

structure is shown in Fig. 1.1 [17]. 

 

 

 

 

 

 

 

 Fig.1.1 Crystal structure of the perovskite.  
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The Goldschmidt tolerance factor (t) describes the stabilization region of 

perovskites. It is written by only ionic radius: RA (twelve-coordinate radius), RB (six-

coordinate radius), and RX as shown below; 

 

t =
𝑅𝐴 + 𝑅𝑋

√2(𝑅𝐵 + 𝑅𝑋)
 

 

Goldschmidt suggested that the perovskite-type structure would form when the value of 

t is close to 1. Despite its simple equation, the tolerance factor predicts the structural 

properties, especially for oxides. Ideally, when the value of t is 1, the crystal system of 

perovskites is cubic. If the range of t is 0.9-1, a cubic perovskite would form. If the value 

of t is greater than 1, a hexagonal packing of the AX3 layers is preferred. In the case that 

the value of t is within 0.71-0.9, the symmetry of the crystal system would be lower due 

to the distortion of BX6 octahedra tilting. The structure-field map has been proposed as 

shown in Fig. 1.2. The stabilization area of perovskites is obtained by the tolerance factor 

and the octahedral factor (RB/RX) [18]. 

Cation ordering at the A- or B-site in the perovskite-type structure would affect 

properties such as ferroelectricity and piezoelectricity [19]. In the case of the double 

perovskite of A2BB’X6, an ordered arrangement would be present if the valence state 

difference between B and B’ is greater than two such as Sr2+
2Ni2+W6+O6. Differences in 

the cation radius and/or bonding preference also affect the arrangement. The displacement 

of the B-site cation is caused by the arrangement or deficiency of the A-site cation. In 

compounds such as La1/3NbO3, La1/3TaO3, and Nd1/3NbO3, cation layers of the lanthanoid 

and deficiency are arranged alternatively, resulting in the displacement of the B-site cation 

to the A-site layer with lower positive charge as shown in Fig. 1.3. 
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Fig.1.2 Structure‐field maps, schematic; tolerance factor t 

versus octahedral factor: (a) oxides; (b) halides [18]. 

Fig.1.3 The crystal structure of the Li3xR2/3-xTiO3 perovskites. The color 

scheme is blue (Ti4+), red (O2-), and grey (R3+). The large three-colored 

spheres are randomly occupied by R3+, Li+, and vacancies. The arrows show 

the displacements of the Ti4+ ions towards the anions in the layer containing 

the vacancies [19]. 
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1.3.2 Pyrochlore-type structure 

The general formula of the pyrochlore-type structure is A2B2X6Y: eight-

coordinated site (AX6Y2), six-coordinated octahedral site (BX6), and X-site. Cations with 

various valence states occupy the A- and B-sites, while anions occupy the X- and Y-site 

in the pyrochlore-type structure (usually A is a divalent or trivalent cation and B is a 

transition metal). The crystal structure of the pyrochlore-type structure is shown in Fig. 

1.4. The crystal system of the pyrochlore-type structure is cubic with a space group of Fd-

3m (No. 227) and unit cell with Z = 8. The pyrochlore-type structure consists of two 

polyhedra: eight-coordinated dodecahedral (Wyckoff position: 16d, fractional coordinate 

(0, 0, 0)); six-coordinated octahedral sites (Wyckoff position: 16c, fractional coordinate 

(1/2, 1/2, 1/2)). There are two Wyckoff positions of oxygen: 8b, fractional coordinate (1/4, 

1/4, 1/4), and 48 f, fractional coordinate (x, 1/4, 1/4). There is only one adjustable 

fractional coordinate x for the X atom. x is usually in the range from 0.320 to 0.345 [20]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 Crystal structure of the pyrochlore. 
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1.3.3 Garnet-type structure 

The general formula of the garnet-type structure is A3B2C3X12: eight-coordinated 

dodecahedral site (AX8), six-coordinated octahedral site (BX6), four-coordinated 

tetrahedral site (CX4), and X-site. Cations with various valence states occupy the A- and 

B-sites, while anions occupy the X-site in the garnet-type structure. The crystal structure 

of the garnet-type structure is shown in Fig. 1.5. The crystal system of the garnet-type 

structure is cubic with a space group of Ia-3d (No. 230) and unit cell with Z = 8. The 

garnet-type structure consists of three polyhedra: eight-coordinated dodecahedral 

(Wyckoff position: 24c, fractional cooordinate (1/8, 0, 1/4)); six-coordinated octahedral 

(Wyckoff position: 16a, fractional coordinate (0, 0, 0)); and four-coordinated tetrahedral 

sites (Wyckoff position: 24d, fractional coordinate (3/8, 0, 1/4)). The Wyckoff position 

and fractional coordinate of oxygen are 96 h and (x, y, z), respectively. The fractional 

coordinates of A-, B-, and C-site are fixed, and that of X-site is adjustable [21].  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5 Crystal structure of the garnet. 
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Song et al. have proposed the tolerance factor of the garnet-type structure [22]. 

It is written by only ionic radius as well as that of perovskite:  

 

τ =
3√(𝑅𝐵 + 𝑅𝑋)2 −

4
9

(𝑅𝐴 + 𝑅𝑋)2

2(𝑅𝐶 + 𝑅𝑋)
 

 

The value of the tolerance factor is in the range from 0.748 to 1.333. The garnet-type 

Ca3Al2Si3O12 is within the range, while Sr3Al2Si3O12 and Ba3Al2Si3O12 (τ = 0.690 and 

0.391) are not reported. This is because the ionic radius of Sr2+ and Ba2+ is larger than 

that of Ca2+, resulting in the difficulty of connection between polyhedra. 
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1.4 Luminescence mechanism of phosphor 

When a material is exposed to radiation such as UV light, X-ray, or electron 

beam, electrons are excited from ground states to excited states. After relaxation, the 

excited electrons fall to the ground states, and the excited energy is released as light; This 

phenomenon is called “Luminescence”. The difference between the energy of excitation 

and emission is called “Stokes shift”. Phosphor is a material that shows the luminescence. 

Fig. 1.6 shows the luminescence mechanism, including excitation of radiation, thermal 

relaxation, and emission.  

 

 

 

 

 

 

 

 

 

 

 

 

Inorganic phosphor consists of an activator and host material. In general, small 

amounts of activators for the host material (0.5%~1%) are better to optimize the 

luminescence property. There are some types of transitions and activators [23]:  

 

Fig. 1.6 The luminescence mechanism, including excitation of 

radiation, thermal relaxation, and emission. 
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1. 1s↔2p transition (ex. F (fluoride)) 

2. ns2↔ns, np transition (ex. Tl+-type ion, Ga+, In+, Tl+, Ge2+, Sn2+, Pb2+, Sb3+, Bi3+, Cu-, 

Ag-, Au-) 

3. d↔d transition (ex. Transition metal ions) 

4. f↔f transition (ex. Lanthanide and actinide ions) 

5. 4f↔4f, 5d transition (ex. Ce3+, Sm2+, Eu2+, Tm2+, Yb2+, Pr3+, Tb3+) 

6. Charge transfer transition 

 

The configurational coordinate model is utilized to understand the luminescence 

mechanism in detail as shown in Fig. 1.7. The effect of thermal vibration is considered 

during luminescence phenomena. Franck-Condon principle elucidates the electric 

transition of luminescence; the displacement of the atom would not occur during the 

electric transition. After the excitation of electrons, the atoms in the crystal are displaced 

from the initial position to the equilibrium position, which means the distance between 

atoms would be longer. This principle implies the electronic transition occurs much faster 

than the time required for the nucleus to rearrange into a new configuration [24]. 

 

 

 

 

 

 

 

 Fig. 1.7 The configurational coordinate model for understanding the luminescence. 
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1.5 Crystal field theory 

The energy levels of elements are discrete and represented by quantum numbers: 

principle quantum number, orbital angular momentum quantum number (or azimuthal 

quantum number), magnetic quantum number, and spin magnetic quantum number. 

Quantum number and orbital angular momentum quantum number are mainly used to 

represent the energy levels and orbital shape.  

When ions are incorporated into liquids or solids, the energy levels are changed 

from those of gaseous-free ions. Crystal field theory describes these changes, which 

assumes anions (ligands) surrounding the metal ion as a point electric charge. Crystal 

field is the interaction between anions (ligands) and the central metal ion. In short, the 

electric repulsion between anions (negative point charges) and the orbital of metal ions is 

related to the change in energy level. This theory provides us with the luminescence 

mechanism of phosphors in which the 3d transition metal ions are used as activators [25].  

When the 3d metal ion is incorporated into the six-coordinated site as shown in 

Fig. 1.8, these anions (ligands) affect the energy levels of the 3d orbital. The fivefold 

degenerate 3d orbitals split into triply degenerate orbitals (t2g orbital) and doubly 

degenerate orbitals (eg orbital). The energy difference between t2g and eg orbital is 10Dq. 

The crystal field splitting depends on the coordination environment in a crystal. The 

crystal field splitting for regular tetrahedron, octahedron, cube, and cuboctahedron were 

calculated to be 40Dq/9, 90Dq/9, 80Dq/9, and 45Dq/9 [26] as shown in Fig. 1.9. 

Absorption and emission spectra of metal ions greatly depend on the degree of crystal 

field.  

In the case of metal ions with d2~d8, not only the crystal field splitting but also 

electric repulsion between electrons is considered. The electric repulsion between 
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electrons is described by the Racah parameter (A, B, and C). These parameters also 

describe the spectral term. Tanabe and Sugano elucidated the electron configuration 

interaction for the d2 to d8 configuration in an octahedral crystal field, which is called the 

Tanabe-Sugano diagram. The vertical and horizontal axis of the diagram is the energy 

level and crystal field splitting standardized by the Racah parameter B. Fig. 1.10 shows 

the Tanabe-Sugano diagram for the d3 configuration in an octahedral crystal field. In the 

case of Cr3+ and Mn4+ with the d3 configuration, the transitions from the ground level 4A2 

(t2
3) to 4T2 (t2

2e) and 4T1 (t2
2e) are observed in the excitation spectra. After the non-

radiation transition from the excited states to the energy level 2Eg, the transition from 2Eg 

(t2
3) to 4A2 (t2

3) is observed in the emission spectra. The emission wavelength from Mn4+ 

is not affected by the crystal field (Dq/B) so much, because the ground state of 4A2 and 

excited state of 2E are nearly parallel for Dq/B in the diagram [25].  

The Tanabe-Sugano diagram is used to analyze the crystal field splitting with 

three parameters: Dq, B, and C. However, it is not possible to determine the splitting with 

this diagram when an activator is at the lower symmetry than cubic. The crystal field 

parameters (CFPs) are useful to describe the crystal field Hamiltonian around an activator. 

The Hamiltonian of the crystal field is represented as [27]: 

 

ℋ = ∑ 𝐵𝑞
𝑘

𝑘,𝑞

𝐶𝑞
𝑘 

 

where 𝐵𝑞
𝑘 are the CFPs that have all the structural and geometrical information about the 

host matrix, and 𝐶𝑞
𝑘 are components of tensor operators. The number k must be even; it 

takes values of 0, 2, 4, and 6 for 4f electrons. The point group restricts the values for q. 

In the case of lanthanoid ions with f-orbital, the crystal field also affects the energy levels 
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of f-orbital, depending on the symmetry around the metal-ion site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.8 The d-orbitals surrounded by ligands (negative charges) 

at the six-coordinated site. 

Fig.1.9 Crystal-field splitting of d-orbital in various polyhedral potentials. The dashed line 

represents the 5-fold unsplit energy levels [26]. 
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Fig.1.10 Tanabe-Sugano diagram for the d3 electron configuration in the octahedral 

crystal field. 
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1.6 Induced electric dipole transition: Judd-Ofelt theory 

There are three types of electronic transition of lanthanoid ions: 4f-4f transition, 

4f-5d transitions, and charge-transfer transitions (metal-to-ligand). Laporte’s parity 

selection rule describes the allowed and forbidden transitions, which implies the 

transitions between the ground and excited state with the same parity are forbidden, such 

as d-d or f-f transitions. When the lanthanoid ions are affected by the crystal field (doped 

into the crystal lattice), non-centrosymmetric interactions allow the mixture of electronic 

state with opposite parity into the 4f-orbitals, resulting in the partial relaxation of the 

selection rule, which is called an induced (or forced) electric dipole transition. For Eu3+-

activated phosphors, 5D0→
7F2 (~610 nm), 5D0→

7F4 (~710 nm), and 5D0→
7F6 (~810 nm) 

are the induced electric dipole transitions, while 5D0→
7F1 (~570 nm) is the magnetic 

dipole transition.  

Judd-Ofelt theory is based on the crystal-field concept and produces a simple 

model for intensities of f-f transitions in solids and solutions [28]. The transition strength 

Ped is represented with the Judd-Ofelt parameters: 

 

𝑃𝑒𝑑 = 𝐶 {Ω2‖𝑈(2)‖
2

+ Ω4‖𝑈(4)‖
2

+ Ω6‖𝑈(6)‖
2
} 

𝐶 =
64𝜋4𝑒2𝜐4

3

3ℎ(2𝐽 + 1)
[

𝑛(𝑛2 + 2)2

9
] 

 

where e is the charge of an electron, n is the refractive index, ν is the emission peak 

wavenumber, h is the Planck constant, and J is the total angular momentum quantum 

number of the initial energy level 5D0. ‖𝑈(𝐽)‖
2
 denote the reduced matrix elements from 

the initial to the excited state, which have an intrinsic value. Ω2, Ω4, and Ω6 are Judd-
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Ofelt intensity parameters. The Judd-Ofelt parameters depend on the coordination 

environment (chemical bonding or site symmetry) around lanthanide ions, especially the 

excitation and emission spectra of Eu3+ are often utilized for the probe of the 

crystallographic sites [29].  
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1.7 Purpose of this study 

White light LEDs are widely used in social life. However, due to the lack of the 

red component, the white light LED has a poor color rendering index. To solve this 

program, some red phosphors, which have the absorption band in the near-UV to blue 

light, have been synthesized. 

Some nitride phosphors have been commercialized because of their good 

photoluminescence (PL) properties and high stability. The search for new nitride 

phosphors is still active for further improvement. However, higher temperature (1800-

2000 °C) and the reductive atmosphere are needed to synthesize nitrides and sometimes 

special equipment for high nitrogen pressure is necessary. In the case of oxide phosphors, 

new oxide phosphors have been developed, taking advantage of low fabrication costs. 

The achievement of this study is the development of new red phosphors with lower 

fabrication costs compared with the fabrication of nitride phosphors. In addition, the 

relationship between PL properties and the coordination environment is revealed. The PL 

properties depend on the coordination environment around the activator, which is derived 

from the crystal structure of the host material. Therefore, the oxide host materials were 

carefully selected in this study. Eu3+ and Mn4+ were used as activators because they absorb 

UV and blue light and emit red light, having the possibility of applying to the high-color-

rendering white LEDs.  

In Chapter 2, the relationship between PL properties and the coordination 

environment around Eu3+ in the garnet-type Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, and 

2) phosphors are discussed. There were few reports to investigate the influence of 

structural distortion on the PL property of Eu3+. The distortion of the eight-coordinated 

dodecahedron affects the intensity derived from 5D0→
7F2 (~610 nm) and 5D0→

7F4 (~710 
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nm) transitions of Eu3+. The degree of this distortion was revealed by Rietveld analysis. 

The Rietveld analysis is an effective way to elucidate the distortion of the eight-

coordinated dodecahedron of these phosphors, where Eu3+ constitutes the host material 

of the garnet, because of a diffraction method that describes the average structure of the 

materials. The coordination environment around Eu3+ was described by calculating the 

edge lengths of the eight-coordinated dodecahedron. A method to describe the rotation 

angles of the top and bottom faces of the eight-coordinated dodecahedron in a garnet-type 

structure is proposed by simple geometric calculations utilizing the ratios of the edges of 

the dodecahedron. This method reveals the relationship between the emission intensity of 

Eu3+ at 610 nm and 710 nm and the coordination environment in the garnet-type structure. 

Controlling the emission wavelengths is useful for further applications. Phosphors 

emitting red light near 600 nm have good visibility and are suitable for application in 

high-color-rendering white LEDs. The infrared wavelength near 700 nm is suitable for 

plant growth. 

In Chapter 3, Mn-activated perovskite-type La5/3MgTaO6 red phosphor and 

pyrochlore-type Mg2LaTaO6 green phosphor are discussed. The Mn-activated perovskite-

type La5/3MgTaO6 red phosphors are cost-effective compared with Eu3+-activated 

phosphors in chapter 2 because Mn is cheaper than Eu. X-ray absorption fine structure 

(XAFS) spectroscopy methods were utilized to reveal the distortion of the Mn4+-occupied 

octahedron. It appears that the Rietveld analysis, which was utilized in the previous 

chapter, reveals the distortion of the polyhedron. However, it is difficult to investigate the 

coordination environment around only Mn by the Rietveld analysis due to the two points: 

the analytical methods for describing long-range-order structure (average structure) and 

low concentration of Mn4+ in the host material. It should be noted that the XAFS method 
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provides important information of the local structure around a specific element [30]. 

Therefore, it is probable that the XAFS method is suitable for accurately describing the 

coordination environment around Mn4+. A-site deficiency in the perovskite-type structure 

plays a crucial role in the red emission of Mn4+ in the host material of La5/3MgTaO6 

because of the displacement of Mn4+. And also, Mn-activated pyrochlore-type 

Mg2LaTaO6 phosphor exhibited green emission under UV excitation at 254 nm owing to 

the oxide ion deficiency of Mg2LaTaO6, indicating that the defects affect the coordination 

environment around Mn2+ as an activator. In general, the green emission is derived from 

Mn2+. However, Mn2+ is achieved by the calcination in the reductive atmosphere due to 

lower valence state than Mn4+. The green emission from Mn2+ was realized in the crystal 

structure of the pyrochlore-type Mg2LaTaO6 even by the calcination in air atmosphere, 

resulting in the cost-effective fabrication.  
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Chapter 2 

Emission modulation of Eu3+ via symmetry around 

dodecahedron in garnet-type Ca2EuZr2-xSnxGa3O12  

(x = 0, 0.5, 1, 1.5, and 2) phosphors 
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2.1 Introduction  

White LEDs have applications in numerous fields owing to their high energy 

efficiency and long lifetime [1-3]. White LEDs are developed via a combination of blue 

LEDs [4] and yellow phosphor (Y3Al5O12:Ce3+), wherein white light is created based on 

the three primary colors of light [5]. However, realizing the full spectrum of sunlight in 

white LEDs is difficult due to the lack of red components [6]. To address this problem, 

red phosphors, which are excited by blue or ultraviolet (UV) light, have been developed 

[7]. Some Eu-activated red phosphors, such as CaAlSiN3:Eu2+ and M2Si5N8:Eu2+ (M = 

Ca, Sr, or Ba), have also been synthesized for practical use [8,9]. These phosphors not 

only have strong absorption and emission in the visible-light range but also high chemical 

stability. Their photoluminescence (PL) intensity at 150 °C is over 80%, indicating that 

they are suitable for use in high-color-rendering white LEDs. The PL properties and full 

width at half-maximum of nitride phosphors are modulated in the visible-light range by 

the crystal field [10,11]. The crystal field around the luminescence center depends on the 

host material. Therefore, the search of new nitride host materials is a burgeoning research 

field [12]. 

Eu3+-doped phosphors have absorption bands in the UV and blue-light region 

and exhibit red luminescence [13,14]. However, their luminescence efficiency is low 

because the absorption and emission are derived from a forbidden transition [15]. The 

quantum efficiency of Y2O3 in practical applications is relatively low at ~10% under 

UV (394 nm) or blue-light (466 nm) irradiation [16] compared to that of Y3Al5O12:Ce3+ 

phosphor [17]. Increasing the activator content in phosphors could address the low 

luminescence efficiency. However, a high activator content leads to the concentration 

quenching effect, resulting in low luminescence efficiency [18]. In Eu3+, the exchange 
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interaction between Eu3+ ions is effective when the distance between activators is <5 Å 

[19]. Therefore, it is preferable to select a crystal structure that can maintain the distance 

between the Eu3+ activators at >5 Å. 

A few garnet-type phosphors with heavy Eu doping, such as 

Ca2YSc2GaSi2O12:Eu3+ [20], Li3Y3Te2O12:Eu3+ [21], Li6CaLa2Sb2O12:Eu3+ [22], and 

Ca2LaHf2Al3O12:Eu3+ [23], have been used in high-color-rendering white LEDs. Eu 

constitutes the host material of the garnet and occupies the eight-coordinated 

dodecahedral sites in the garnet-type structure. As shown in Fig. 2.1, each dodecahedron 

shares edges with four dodecahedra (e.g., the No. 3 dodecahedron shares edges with the 

No. 1, 2, 4, and 5 dodecahedra). To prevent electrostatic repulsion between the cations 

sharing edges, Eu3+ tends to occupy only every other dodecahedral sites (e.g., the No. 2 

and 5 sites or the No. 1 and 4 sites). These distances, which are approximately 7 Å [24], 

may suppress concentration quenching.  

Controlling the emission wavelengths of LEDs is useful for further applications. 

Phosphors emitting red light near 600 nm have good visibility and are suitable for 

application in high-color-rendering white LEDs [25,26]. The infrared wavelength near 

700 nm is suitable for plant growth [27]. The emission intensities of the 5D0→
7F2 (~610 

nm) and 5D0→
7F4 (~710 nm) transitions in Eu3+ depend on the coordination environment 

[28]. When Eu3+ occupies the site close to the D4d symmetry, the intensity of the 5D0→
7F4 

transition is high [28,29]. A rotation of the top square face of the cube relative to its base 

plane from 0° to 45° results in a square antiprism with D4d symmetry, as shown in Fig. 

2.2 [30]. 

Judd and Ofelt theoretically elucidated the electric dipole transition of rare earth 

ions [31,32]. The spontaneous emission probability is described by three parameters, Ωλ,
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where λ = 2, 4, and 6. In garnet-type structures, a rotation of the top and bottom faces of 

the eight-coordinated dodecahedron leads to a decrease in the Ω2/Ω4 ratio, resulting in an 

intense 5D0→
7F4 transition [33]. However, there have been no experimental reports that 

elucidate the relationship between the distortion of the dodecahedron around Eu in garnet-

type structures and the Ω2/Ω4 ratio. To explain changes in emission due to the 

coordination environment around Eu, it is necessary to describe the changes in the 

rotation angles of the top and bottom faces of the dodecahedron when the sizes of the 

cations surrounding the site vary.  

In this study, Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, and 2) phosphors were 

synthesized through a solid-state reaction. Zr and Sn can modify the environment around 

Eu3+ because of differences in electronegativity (Zr: 1.22 and Sn: 1.72 [34]) and ionic 

radius (Zr4+: 0.72 Å and Sn4+: 0.69 Å [35]). We propose a method to describe the rotation 

angles of the top and bottom faces of the eight-coordinated dodecahedron in a garnet-type 

structure based on simple geometric calculations utilizing the ratios of the edges of the 

dodecahedron. We investigate the change in emission wavelength of Eu3+ due to a 

variation in the Sn and Zr content in garnet-type Ca2EuZr2-xSnxGa3O12 phosphors. 
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2.2 Sample synthesis 

Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, and 2) phosphors were synthesized via 

a solid-state reaction. Stoichiometric quantities of CaCO3 (99.99%, Kojundo Chemical, 

Japan), Eu2O3 (99.95%, Kanto Chemical, Japan), ZrO2
 (99.0%, Kanto Chemical, Japan), 

SnO2 (98.0%, Kanto Chemical, Japan), and Ga2O3 (99.995%, Yamanaka Hutech 

Corporation, Japan) were ground and mixed in an agate mortar for 40 min. After 

calcination at 1200 °C for 4 h, the mixture was cooled to room temperature (RT). 

Finally, the mixture was calcined at 1500 °C for 4 h to obtain the desired products. 
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2.3 Characterization 

The crystalline structures of the phosphors were investigated at RT via powder 

X-ray diffraction (XRD, SmartLab X-ray Diffractometer, Rigaku, Japan) with Cu-Kα 

radiation at 45 kV and 200 mA in the 2θ range of 10°–90°. Rietveld analysis was 

conducted using RIETAN-FP software [36]; a step scanning technique was adopted 

within the 2θ range of 10°–120° with an increment of 0.01°. The particle shape and size 

were determined using scanning electron microscopy (SEM, JSM-6390, JEOL, Japan). 

The particle size distribution was calculated by counting and measuring 300 particles 

using the ImageJ software. The luminescence properties of all the phosphors were 

measured using fluorescence spectrometry (FP-8300 Spectrofluorometer, JASCO, 

Japan), wherein the excitation and monitored wavelengths were 395 and 610 nm, 

respectively.  
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2.4 Results and Discussion 

XRD patterns and Rietveld analysis 

The XRD patterns of the Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, and 2) 

phosphors calcined at 1500 °C for 4 h are shown in Fig. 2.3. The XRD patterns of the 

samples are consistent with the Joint Committee on Powder Diffraction Standards 

(JCPDS) card of Ca3Zr2(Fe1.5Al0.5Si)O12 [37], confirming the formation of the garnet-

type structure. Fig. 2.3(b) shows the XRD patterns of the samples at high angles. In 

samples with x = 0 and 2, the diffraction peaks shifted to higher angles due to lattice 

shrinking originating from the difference in the ionic radii. By contrast, the diffraction 

peaks of the samples with x = 0.5, 1, and 1.5 were broad, indicating that the formation of 

solid solution was difficult.  
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Fig. 2.3 XRD patterns of Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, and 2) with 2θ in 

the range of (a) 10°–90° and (b) 80°–90°. 

(a) 

(b) 
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Rietveld analysis was conducted for the samples with x = 0 and 2 using 

RIETAN-FP software. The crystal system of the garnet-type structure was assumed to 

be cubic with a space group of Ia-3d (No. 230). The garnet-type structure (A3B2C3O12) 

consists of three polyhedra: eight-coordinated dodecahedral (Wyckoff position: 24c, 

fractional coordinate (1/8, 0, 1/4)); six-coordinated octahedral (Wyckoff position: 16a, 

fractional coordinate (0, 0, 0)); and four-coordinated tetrahedral sites (Wyckoff position: 

24d, fractional coordinate (3/8, 0, 1/4)). The Wyckoff position and fractional coordinate 

of oxygen are 96h and (x, y, z), respectively. The lattice constant, thermal parameters of 

each site, and fractional coordinate of oxygen were refined after optimizing the scale, 

background, profile, and half-width. 

The Rietveld refinement of the garnet-type Ca2EuZr2Ga3O12 was conducted 

assuming that 2/3 Ca and 1/3 Eu occupied the dodecahedral site, Zr occupied the 

octahedral site, and Ga occupied the tetrahedral site. The thermal parameters of Ca and 

Eu at the dodecahedral site were constrained to possess the same value. The results of 

Rietveld refinement of the garnet-type Ca2EuZr2Ga3O12 are summarized in Table 2.1 

and Fig. 2.4. The calculation results were in good agreement with the experimental 

XRD pattern.  

The Rietveld refinement of garnet-type Ca2EuSn2Ga3O12 was conducted under 

the assumptions that 2/3 Ca and 1/3 Eu occupied the dodecahedral site, Sn occupied the 

octahedral site, and Ga occupied the tetrahedral site. The thermal parameters of Ca and 

Eu at the dodecahedral site were constrained to have the same value. However, the 

refinement diverged during the analysis. The calculation results (shown in Table 2.2 and 

Fig. 2.5) did not agree with the experimental XRD pattern, and the thermal parameters 

were negative. The similarity between the ionic radius and electronegativity of Sn4+ and 
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Ga3+ is higher than that between Zr4+ and Ga3+. Therefore, cation mixing of Sn4+ and 

Ga3+ may have occurred in garnet-type Ca2EuSn2Ga3O12.  

The refinement of garnet-type Ca2EuSn2Ga3O12 was conducted again with the 

assumptions that 2/3 Ca and 1/3 Eu occupied the dodecahedral site and both Sn and Ga 

occupied the octahedral and tetrahedral sites. The thermal parameters of Ca and Eu 

occupying the dodecahedral site were constrained to be equal, those of Ga and Sn 

occupying the octahedral site were constrained to be equal, and those of Ga and Sn 

occupying the tetrahedral site were constrained to be equal. 

The refinement reached completion and indicated the structure 

Ca2Eu[Sn1.9Ga0.1]oct (Ga2.9Sn0.1)tetO12, as shown in Table 2.3 and Fig. 2.6. This implies 

that Sn and Ga occupied both the octahedral and tetrahedral sites in the garnet-type 

structure. The occupancy of Sn at each site was evaluated by trial and error. We refined 

four models of the garnet-type structure: Ca2Eu[Sn1.95Ga0.05]oct(Ga2.95Sn0.05)tetO12 

(CESG0.05), Ca2Eu[Sn1.9Ga0.1]oct(Ga2.9Sn0.1)tetO12 (CESG0.1), 

Ca2Eu[Sn1.8Ga0.2]oct(Ga2.8Sn0.2)tetO12 (CESG0.2), and 

Ca2Eu[Sn1.7Ga0.3]oct(Ga2.7Sn0.3)tetO12 (CESG0.3). The refinement of CESG0.05 diverged 

during the analysis, suggesting that its initial occupancy values were incorrect. 

Moreover, the value of the thermal parameter at the dodecahedral site was significantly 

higher than that at other sites in the models CESG0.2 and CESG0.3. Therefore, we 

concluded that the CESG0.1 model was the best. However, the relative intensities of the 

three main peaks still differed in the measured and calculated profiles. To achieve 

further refinement of the atomic positions and occupancies, collecting X-ray diffraction 

data using synchrotron radiation and chemical composition analysis will be necessary.  

For the x = 0, 1.0, and 1.5 samples, the 420 peak has the highest intensity, 
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whereas the 422 peak has the highest intensity for the x = 2 sample. This variation in the 

diffraction peak intensity can be ascribed to differences in the structure factors. It is 

evident from Fig. 2.7 that the (420) plane has cations occupying only the octahedral 

sites, while the (422) crystallographic plane contains cations occupying both the 

octahedral and tetrahedral sites. From the Rietveld analysis results, Zr occupied only the 

octahedral sites in the Ca2EuZr2Ga3O12 phosphor, whereas Sn occupied both the 

octahedral and tetrahedral sites in the Ca2EuSn2Ga3O12 phosphor. The relatively higher 

atomic scattering factor of Sn [38], which occupies both the octahedral and tetrahedral 

sites, likely enhances the intensity of the 422 peak relative to that of the 420 peak. 

The Rietveld analysis revealed that the distribution of cations at the octahedral 

and tetrahedral sites in the garnet-type structure is different in the x = 0 and 2 samples. 

Zr occupies only the octahedral sites and Ga occupies only the tetrahedral sites in the x 

= 0 sample, whereas in the x = 2 sample, Sn and Ga occupy both octahedral and 

tetrahedral sites. The broad peaks in the XRD patterns of the x = 0.5, 1, and 1.5 samples 

might be due to the differences in compositional uniformity at the octahedral and 

tetrahedral sites in the garnet-type structure, which prevent the formation of a solid 

solution. 
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Table 2.1 Details of data collection, refinement, and fractional atomic coordinates of 

Ca2EuZr2Ga3O12 at RT. 

Fig. 2.4 Rietveld refinement of Ca2EuZr2Ga3O12. 
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Table 2.2 Details of data collection, refinement, and fractional atomic coordinates of 

Ca2EuSn2Ga3O12 at room temperature. 

Fig. 2.5 Rietveld refinement plot of Ca2EuSn2Ga3O12. 
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Table 2.3 Details of data collection, refinement, and fractional atomic coordinates 

of (Ca2Eu)(Sn1.9Ga0.1)(Ga2.9Sn0.1)O12 at RT. 
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Fig. 2.6 Rietveld refinement of (Ca2Eu)(Sn1.9Ga0.1)(Ga2.9Sn0.1)O12. 

Fig. 2.7 (420) and (422) planes of the garnet-type structure. The (420) plane only 

has cations occupying six-coordinated sites, while the (422) crystallographic plane 

contains cations occupying both six- and four-coordinated sites. 
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SEM image 

The SEM images and particle distributions of the Ca2EuZr2-xSnxGa3O12 (x = 0 

and 2) phosphors are shown in Fig. 2.8. The particle size of the Zr-containing garnet 

was larger (9.31 ± 4.06 µm) than those of the Sn-containing garnet (2.78 ± 0.98 µm). 

Rietveld analysis revealed that cation mixing between Ga and Sn occurs at the 

octahedral and tetrahedral sites of the garnet-type structure in the Ca2EuSn2Ga3O12 

phosphor, which might affect the particle growth. Correlations between cation mixing 

(or antisite defects) in the crystal structure and particle size distribution have been 

reported in cathode materials for lithium-ion batteries and magnetic materials [39–42]. 
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Fig. 2.8 SEM images and particle size distributions of (a) Ca2EuZr2Ga3O12 

and (b) Ca2EuSn2Ga3O12. 
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PL measurement 

Excitation and emission spectra of the Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, 

and 2) phosphors are shown in Fig. 2.9. The excitation bands monitored at 610 nm were 

observed from 200 to 500 nm in all samples. The broad excitation peak at 

approximately 280 nm is derived from a charge transfer band. The shape of the 

excitation peaks in the range from 300 to 500 nm are attributed to the f-f transition of 

Eu3+. The excitation peak was located at ~395 nm, while the fluorescence spectra 

showed red emission at ~590, ~610, ~650, and ~710 nm under 395 nm UV irradiation; 

these emission bands are due to the f-f transitions 5D0→
7F1, 

5D0→
7F2, 

5D0→
7F3, and 

5D0→
7F4, respectively [28]. The internal quantum efficiency of all samples was greater 

than 45%, which indicates that these phosphors have potential applications in high-

color-rendering white LEDs via near-UV excitation. 
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Fig. 2.9 (a) Excitation and (b) emission spectra of Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 

1, 1.5, and 2). 
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Emission modulation of Eu3+ via symmetry around dodecahedron in garnet-type 

structure 

The radiative transition probabilities AR of the 5D0→
7FJ (J = 2 and 4) 

transitions and the corresponding emission peak area S are related by the following 

equation [43]: 

 

𝐴𝑅(5𝐷0 → 7𝐹2)

𝐴𝑅(5𝐷0 → 7𝐹4)
=
𝑆(5𝐷0 → 7𝐹2)

𝑆(5𝐷0 → 7𝐹4)
(1) 

 

The radiative transition probabilities AR of the 5D0→
7FJ (J = 2 and 4) transitions can 

also be written as [43]: 

𝐴𝑅(5𝐷0 → 7𝐹2) =
64𝜋4𝑒2𝜐2

3

3ℎ(2𝐽 + 1)
[
𝑛(𝑛2 + 2)2

9
]𝛺2‖𝑈

(2)‖
2

(2) 

 

𝐴𝑅(5𝐷0 → 7𝐹4) =
64𝜋4𝑒2𝜐4

3

3ℎ(2𝐽 + 1)
[
𝑛(𝑛2 + 2)2

9
]𝛺4‖𝑈

(4)‖
2

(3) 

 

where e is the charge of an electron, n is the refractive index, ν is the emission peak 

wavenumber, h is the Planck constant, and J is the total angular momentum quantum 

number of the initial energy level 5D0. ‖𝑈(𝐽)‖
2
 denote the reduced matrix elements from 

the initial to the excited state, which have an intrinsic value (‖𝑈(2)‖
2
= 0.0032 and 

‖𝑈(4)‖
2
= 0.0023 [44]). The ratio of the intensity parameters Ω2 and Ω4 is given by the 

equation: 

𝛺2

𝛺4
=
𝑆(5𝐷0 → 7𝐹2)

𝑆(5𝐷0 → 7𝐹4)
×
‖𝑈(4)‖

2

‖𝑈(2)‖2
× (

𝜐4
𝜐2
)
3

(4) 

 

Fig. 2.10 shows the correlation between Ω2/Ω4 and x for Ca2EuZr2-xSnxGa3O12 (x = 0, 
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0.5, 1, 1.5, and 2). The Ω2/Ω4 ratio decreased with an increase in the value of x. 

The coordination environment around Eu3+ has a significant influence on the 

intensity of the 5D0→
7F4 transition [28,29]. The intensity of the 5D0→

7F4 transition is 

high when Eu3+ occupies the crystallographic site with D4d point symmetry. Li et al. 

[45] reported that the intense 5D0→
7F4 transition observed in Eu3+-doped Ca2Ga2GeO7 

phosphor is due to Eu3+ occupying the dodecahedral site wherein the geometry was 

distorted from cubic to square antiprism. Bettinelli et al. [33] reported that rotation of 

the top and bottom faces of the dodecahedron in the garnet-type structure leads to a 

decrease in the ratio of the intensity parameter of the Judd–Ofelt theory (Ω2/Ω4), 

resulting in a high-intensity 5D0→
7F4 transition. 

As the bottom of the cube is rotated from 0° to 45° relative to its top, the 

geometry approaches a square antiprism with D4d symmetry. The lengths of the edges 

connecting the vertices of the top and bottom surfaces in the cube and square antiprism 

also change continuously with the rotation of the surfaces. As shown in Fig. 2.11, the 

dL/dS ratio is related to the rotation angle of the bottom surface relative to the top 

surface by the following equation: 

𝑑𝐿
𝑑𝑆
⁄ = √

2 − sin 𝜃

2 − cos𝜃
(5) 

The derivation of the equation is as follows: 

Consider a cube with side length √2R, a distance h between the top and bottom surfaces, 

Eu3+ at the center, and oxide ions coordinated at the vertices; the fractional coordinates of 

oxide ions O1, O2, and O3 are expressed as in Fig. 2.11 when the position of Eu3+ is the 

origin, and the rotation angle between the top and bottom surfaces is θ. The lengths of dL 

and dS are expressed using the vectors �⃗�, �⃗⃗�, and 𝑐 as follows (�⃗�, �⃗⃗�, and 𝑐 are defined 
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as the vector from the origin to O1, O2, and O3, respectively): 

𝑑L = |�⃗⃗� − 𝑐| =  √2𝑅2(1 − sin 𝜃) + ℎ2 (1) 

𝑑S = |�⃗� − �⃗⃗�| =  √2𝑅2(1 − cos 𝜃) + ℎ2 (2) 

The ratio of dL and dS is represented as  

𝒅𝑳
𝒅𝑺
⁄ = √

2𝑅2(1 − sin 𝜃) + ℎ2

2𝑅2(1 − cos 𝜃) + ℎ2
(𝟑) 

When the distance h between the top and bottom faces is equal to side length √2R of the 

cube, dL/dS is expressed as follows: 

𝒅𝑳
𝒅𝑺
⁄ = √

2𝑅2(1 − sin 𝜃) + 2𝑅2

2𝑅2(1 − cos 𝜃) + 2𝑅2
= √

2 − 𝑠𝑖𝑛𝜃

2 − 𝑐𝑜𝑠𝜃
(𝟒) 

Here, dS is defined as the distance between O1 and O2 in Fig. 2.11, while dL is 

defined as the distance between O2 and O3 in the same figure. The dL/dS ratio ranges 

from √2 to 1 as the rotation angle changes from 0° to 45°, corresponding to a cube and a 

square antiprism, respectively. Fig. 2.12 shows correlation between the rotation angle θ 

and dL/dS. This equation is valid for the dodecahedron in garnet-type structures, where 

the faces enclosed by the shared edges of the two dodecahedra and the two octahedra 

are the top and bottom surfaces, respectively, and the shared edges of the tetrahedra 

correspond to length dS (Fig. 2.13).  

Rietveld analysis revealed that Zr occupied only the octahedral site in the 

Ca2EuZr2Ga3O12 phosphor, whereas Sn occupied both the tetrahedral and octahedral sites 

in the Ca2EuSn2Ga3O12 phosphor. The ionic radius of Sn4+ (0.69 Å) is larger than that of 

Ga3+ (0.47 Å) [35]. Hence, Sn4+ at the tetrahedral site increases the dS length, resulting in 

a smaller dL/dS ratio. The dL/dS ratios for the Ca2EuZr2Ga3O12 and Ca2EuSn2Ga3O12 
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phosphors are 1.31 and 1.30, respectively and correspond to rotation angles of 14° and 

15°. These results indicate that the symmetry around Eu3+ at the dodecahedral site 

approached a square antiprism geometry, resulting in a decreasing Ω2/Ω4 ratio with 

increasing Sn content in the garnet-type Ca2EuZr2-xSnxGa3O12 phosphors. The decrease 

in the Ω2/Ω4 ratio with increasing x is attributed to the increase in the ratio of the Sn-

containing garnet phase that emits at ~710 nm, which is due to the 5D0→
7F4 transition. 

This relationship between the rotation angle and the dL/dS ratio may be applied in the 

analysis of other garnet-type structures. Skaudzius et al. [46] investigated the intensity of 

the 5D0→
7F4 transition in garnets it is lower in Eu3+-doped Y3Al5O12 than that in Eu3+-

doped Y3Ga5O12. The dL/dS ratios of Y3Al5O12 and Y3Ga5O12 were calculated from the 

values reported by Nakatsuka et al. [47,48]. The dL/dS ratios of Y3Al5O12 and Y3Ga5O12 

are 1.29 and 1.27, respectively, and correspond to rotation angles of 16° and 18°. 

Therefore, the dL/dS ratios in the garnet-type structure are related to the symmetry of the 

dodecahedron and can help estimate the intensity of the 5D0→
7F4 transition. 
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Fig. 2.10 Correlation between x and Ω2/Ω4. 
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Fig. 2.12 Correlation between the rotation angle θ and dL/dS. In the range 0° ≤ 

θ ≤ 45°, dL/dS gradually decreases with increasing rotation angle. 
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Fig. 2.13 Illustration of dL and dS in the garnet-type structure. In the case of 

Sn-containing garnet, Sn4+ increased dS (because the ionic radius of Sn4+ is 

larger than that of Ga3+), resulting in the coordination environment around Eu3+ 

approaching a square antiprism geometry. 
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Chapter 3 

Effect of A-site deficiency on perovskite-type  

Mn4+-activated La5/3MgTaO6 red phosphor and  

green luminescence of the Mn2+ occupied  

six-coordinate site in Mg2LaTaO6 
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3.1 Introduction  

White LEDs are used worldwide owing to their energy efficiency, high 

luminous intensity, and long operational life [1–3]. These comprise blue LEDs [4] with 

yellow phosphors (Y3Al5O12:Ce3+) [5]. These colors are complementary and thus 

produce white light; however, white LEDs also exhibit low color rendering owing to the 

lack of a red component, which limits their applications [6]. Red phosphors excited by 

ultraviolet (UV) and blue light have been developed to solve this problem [7], and the 

resulting high-color-rendering white LEDs enable control of the color tone of lighting 

and are expected to have a wide range of applications. 

Certain Eu-activated red phosphors, including CaAlSiN3:Eu2+ and 

M2Si5N8:Eu2+ (M = Ca, Sr, Ba), have been synthesized for practical use [8,9]; however, 

Eu is expensive, and such devices are not widely available because their production is 

unevenly distributed around the world. 

Herein, we develop Mn-activated phosphors as an alternative to Eu-activated 

red phosphors. Mn4+-activated phosphors are known to absorb near-UV light and emit 

red light. Moreover, Mn is considerably cheaper than Eu [10–13]. Mn-activated 

phosphors have recently attracted considerable attention as promising red phosphor 

candidates for use in high-color-rendering white LEDs, such as NaLaMgWO6:Mn4+ 

[10], Sr2Ca1−δLnδWO6:Mn4+ [11], Sr3LiSbO6:Mn4+ [12], Sr2ScO3F:Mn4+ [13]. 

Despite their potential as red phosphors, the absorption and emission of Mn4+ 

are typically assigned to forbidden transitions. Mn4+ preferentially occupies six-

coordinate octahedral sites with a center of inversion [14]; however, a high luminescence 

efficiency is not achieved from the octahedral Mn4+ owing to its selectivity as per the 

Laporte rule [15]. To solve this problem, we selected La5/3MgTaO6 as a host material for 
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the Mn4+ activators. The crystal structure of La5/3MgTaO6 is characterized by a double 

perovskite-type structure with a regular deficiency of La3+ along the c-axis [16] (Fig. 3.1). 

La5/3MgTaO6 contains [TaO6] octahedra, which facilitates the entry of Mn4+ ions into the 

six-coordinate octahedral sites. The Mn4+ in the B-site of the perovskite-type structure is 

thus displaced, thereby removing the center of inversion from La5/3MgTaO6. For example, 

in the defect-perovskite structures of lithium-containing lanthanum metaniobates and 

metatantalates, the cation at the B-site is displaced toward the deficient A-site as the 

amount of lithium is decreased [17]. Based on these observations, we predict that the 

Mn4+-activated La5/3MgTaO6 phosphor will exhibit high-intensity red emission owing to 

the loss of the inversion symmetry center. A Mn4+-activated SrLa2Mg2W2O12 red 

phosphor with A-site deficiency in the structure and high luminescence was recently 

reported by Shi et al [18]; however, the relationship between A-site deficiency and 

luminescence in the perovskite-type structure has not yet been reported. Zhou et al. 

synthesized the perovskite-type BaLaMgTaO6:Mn4+ red phosphor via a high-temperature 

solid-state procedure [19], the final calcination temperature (1500 °C) and reaction time 

(6 h) of which are identical to those used in the synthesis of La5/3MgTaO6 [16]. In addition, 

the ionic radius of Ba2+ (1.42 Å (eight-coordination)) is similar to that of La3+ (1.160 Å 

(eight-coordination)), making Ba2+ a suitable dopant for the La3+ sites [20]. In this study, 

we synthesized the Mn4+-activated phosphors, La5/3-(2/3)xBaxMgTa0.99O6:0.01Mn4+ (x = 0, 

0.2, 0.4, 0.6, 0.8, and 1) at 1500 °C for 6 h. By substituting Ba2+ into the A site of 

La5/3MgTaO6, we investigated the relationship between the A-site deficiency and the 

luminescence properties of the material. 

We also synthesized the Mn-activated phosphors, La5/3-

(2/3)yMg1+yTa0.99O6:0.01Mn (y = 0, 0.2, 0.4, 0.6, 0.8, and 1), and investigated the effect of 
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increasing y on their crystal structure evolution and luminescence properties. With a y 

value of 1, the chemical composition of this phosphor is represented as Mg2LaTaO6, 

which has an oxide ion-deficient pyrochlore-type structure [21]. Mn4+-activated 

pyrochlore-type RE2Sn2O7 (RE3+ = Y3+, Lu3+ or Gd3+) phosphors were previously 

shown to exhibit red luminescence [22]. To the best of our knowledge, all Mn-activated 

pyrochlore-type phosphors emit red light. Inspired by this, we synthesized the first Mn-

activated pyrochlore-type Mg2LaTaO6 phosphor. 
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Fig. 3.1 Crystal structure of La5/3MgTaO6. La3+ in the center is missing. Mg2+ and 

Ta5+ ions may be shifted along the respective arrows. 
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3.2 Sample synthesis 

La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) and La5/3-

(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors were synthesized by 

a solid-state reaction. The Mn doping level was fixed at 1% of Ta. Stoichiometric 

amounts of La2O3 (99.9%, Kojundo Chemical, Japan), 4MgCO3·Mg(OH)2·5H2O 

(485.65 g/mol, Kishida Chemical, Japan), Ta2O5
 (99.95%, Kanto Chemical, Japan), 

MnCO3 (99.9%, Kojundo Chemical, Japan), and BaCO3 (99.9%, Kanto Chemical, 

Japan) were ground and mixed in an agate mortar for 40 min. After calcination at 

1200 °C for 4 h, the mixture was cooled to room temperature and thereafter mixed for a 

further 20 min. Finally, the mixture was calcined at 1500 °C for 6 h to obtain the desired 

products. 
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3.3 Characterization 

The crystalline structures of the phosphors were investigated at room 

temperature using powder X-ray diffraction (XRD, SmartLab X-ray Diffractometer, 

Rigaku, Japan) with Cu-Kα radiation at 45 kV, 200 mA, and 2θ in the range of 10–60°. 

The particle shape and size were determined using scanning electron microscopy (SEM, 

JSM-6510A, JEOL, Japan). The luminescence properties of all the phosphors were 

measured using fluorescence spectrometry (FP-8300 Spectrofluorometer, JASCO, 

Japan). Phosphors of the same amount (weighted 0.150 g) were used for comparison 

with the same holder. The X-ray absorption near edge structure (XANES) spectrum of 

the Mn-K edge in fluorescent mode was measured using the BI16B2 beamline at 

SPring-8, Japan. X-ray energy selection was achieved using a silicon (111) double 

crystal monochromator. A 25-element solid-state detector (25-element SSD) was used 

owing to the low concentration of Mn. A Cr metal foil was set in front of the SSD for 

band-pass filter. The XANES spectra were measured at a rate of 45 (x, y = 1 samples) 

and 54 (x = 0 sample) seconds per point, respectively. After the XANES measurement, 

the background process was conducted using the REX2000 software.  
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3.4 Results and Discussion 

3.4.1 La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors 

 

XRD patterns 

The XRD patterns of La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 0.2, 0.4, 0.6, 0.8, 

and 1) phosphors calcined at 1500 °C for 6 h are shown in Fig. 3.2. The diffraction 

patterns of the samples with x = 0 and 1 are consistent with the Joint Committee on 

Powder Diffraction Standards (JCPDS) card peak patterns of La5/3MgTaO6 [16] and 

BaLaMgTaO6 [23], respectively, confirming the formation of single-phase phosphors. 

The patterns of samples with x = 0.2–0.8 did not exhibit any peaks corresponding to 

other phases. The peak at ~32° continuously shifted to a lower angle with increasing x, 

indicating that Ba was successfully doped into the perovskite-type structure (Fig. 3.2, 

right side). 
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SEM image 

SEM images of Mn4+-activated La5/3MgTaO6 (x = 0) and BaLaMgTaO6 (x = 1) 

phosphors are shown in Fig. 3.3(a) and (b), respectively. We observed coarse particles 

measuring ~10–20 micrometers and fine particles measuring several micrometers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 SEM images of Mn4+-activated (a) La5/3MgTaO6 (x = 0) and (b) BaLaMgTaO6 

(x = 1) phosphors.  
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PL measurement 

The excitation and emission spectra of La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 

0.2, 0.4, 0.6, 0.8, and 1) phosphors are shown in Fig. 3.4(a) and Fig. 3.4(b), respectively. 

The excitation spectra showed an absorption maximum at ~365 nm, while the 

fluorescence spectra showed red emission with a maximum at ~706 nm. The sample 

with x = 0 exhibited the strongest absorption of UV light and emission of red light at 

~365 and 706 nm, respectively, demonstrating its potential as a phosphor for high-color-

rendering white LEDs by applying near-UV light excitation. As the amount of Ba2+ 

substitution increased, both the absorption and emission intensities tended to decrease. 

Images of La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) 

phosphors under UV excitation of 365 nm (Fig. 3.5) show that the red luminescence 

tends to be quenched with increasing x. The sample with x = 0 exhibited the strongest 

red emission. We hypothesize that the center of inversion in La5/3MgTaO6, was lost 

owing to the displacement of Mn4+ occupying the B-site toward the deficient A-site to 

avoid electrostatic repulsion. Accordingly, the forbidden transition was relaxed in the x 

= 0 sample. In addition, the luminescence tended to be increasingly quenched with 

increasing x, indicating that reducing the A-site deficiency by the substitution of Ba2+ 

revives the center of inversion (Fig. 3.6).  
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Fig. 3.4 (a) Excitation and (b) emission spectra of La5/3-(2/3)xBaxMgTa0.99O6:0.01Mn4+ 

(x = 0, 0.2, 0.4, 0.6, 0.8, and 1).  
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XANES measurement of  

XANES is an effective technique to probe the local coordination environment at 

a particular location in the structure. Yamamoto introduced the importance of the intensity 

of the pre-edge peak in terms of the d-p hybridization, which is dominated by the orbital 

symmetry and can be explained by group theory. The formation of the d-p hybridized 

orbital results in an intense pre-edge peak owing to the mixing of s-p electric dipole 

transitions [24]. Farges reported that the intensity of the pre-edge peak at ~6540 eV in the 

Mn K-edge XANES spectrum increased as the symmetry around the Mn2+ center was 

reduced [25].  

The Mn K-edge XANES spectra of La5/3MgTa0.99Mn0.01O6 (x = 0) and 

BaLaMgTa0.99Mn0.01O6 (x = 1) phosphors are shown in Fig. 3.7. A low-intensity pre-edge 

peak was observed at approximately 6540–6545 eV in A-site deficient perovskite-type 

structure. Therefore, this result provides evidence that Mn4+ occupies the non-inversion 

center and explains the strong red emission of the A-site deficient perovskite-type 

structure. 
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Pre-edge peak 

Fig. 3.7 Mn- K edge normalized XANES spectra of La5/3MgTa0.99Mn0.01O6 and 

BaLaMgTa0.99Mn0.01O6 phosphors. 
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3.4.2 La5/3-(2/3)yMg1+yTa0.99O6:0.01Mn (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors 

 

XRD patterns 

The XRD patterns of the La5/3-(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0, 0.2, 0.4, 0.6, 0.8, 

and 1) phosphors calcined at 1500 °C for 6 h are shown in Fig. 3.8. The pattern of the 

sample with y = 0 matched the peak pattern of La5/3MgTaO6, confirming the single-

phase phosphor. In contrast, a new diffraction peak appeared at ~29° as y increased. 

These star-shaped peaks are derived from the oxide ion-deficient pyrochlore-type 

structure of Mg2LaTaO6 [21]. A small amount of MgO was also detected as a byproduct 

in samples with y = 0.2−1. Magnification of the strongest diffraction peaks at ~27°–33° 

shows that the peak shift was not significant. With an increase in y, the intensity of the 

peaks derived from La5/3MgTaO6 decreased and that derived from Mg2LaTaO6 

increased. This result demonstrates that the addition of Mg to La does not form a solid 

solution in the perovskite-type La5/3MgTaO6 structure.  

The perovskite-type structure was retained in La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x 

= 0, 0.2, 0.4, 0.6, 0.8, and 1) regardless of the x value; however, La5/3-

(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) formed a pyrochlore-type 

structure as y increased. This result was attributed to the difference in the ionic radii of 

Mg2+ and Ba2+ used as the dopants. Because the ionic radius of Ba2+ (1.42 Å (eight-

coordination)) is larger than that of Mg2+ (0.89 Å (eight-coordination)) [20], the 

perovskite-type structure, wherein the A-site cation prefers a greater coordination 

number, is stabilized in the La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 0.2, 0.4, 0.6, 0.8, and 

1) system. 
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SEM image 

A SEM image of the Mn-activated Mg2LaTaO6 (y = 1) phosphor is shown in 

Fig. 3.9. The particle size of this phosphor was several micrometers, and the particles 

were smoother and more uniform than those of the Mn4+-activated perovskite-type 

phosphors.   

 

 

 

 

 

 

 

 

Fig. 3.9 SEM image of Mn-activated Mg2LaTaO6 (y = 1) phosphor. 
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PL measurement 

The emission spectra of La5/3-(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0, 0.2, 0.4, 0.6, and 

0.8) phosphors excited at 365 nm are shown in Fig. 3.10. As y increased, the emission 

intensity tended to decrease.  

Images of La5/3-(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) 

phosphors under UV excitation at 365 nm are shown in Fig. 3.11. The quenching of red 

luminescence tends to increase with increasing y. The XRD patterns revealed that the 

extent of the La5/3MgTaO6 phase decreased with increasing y value (Fig. 3.8); therefore, 

the decreasing trend in the emission intensity is caused by a reduction in the amount of 

the La5/3MgTaO6 phase that emits red light. 

The excitation spectra of La5/3-(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0.2, 0.4, 0.6, 0.8, 

and 1) phosphors at 540 nm showed absorption maxima at ~254 nm (Fig. 3.12(a)), 

while the fluorescence emission spectrum showed green emission with a maximum at 

~540 nm (Fig. 3.12(b)). The intensity of this green emission increased as y increased, 

suggesting that the amount of the pyrochlore-type Mg2LaTaO6 phase, which emits green 

light, increases with increasing y, whereas the amount of the perovskite-type 

La5/3MgTaO6 phase, which emits red light, decreases. 

Images of La5/3-(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) 

phosphors under UV 254 nm are shown in Fig. 3.13. The sample with y = 0 consisted of 

a single phase of La5/3MgTaO6: thus, the red luminescence must be derived from the 

perovskite-type La5/3MgTaO6. In contrast, the sample with y = 1 primarily contained the 

Mg2LaTaO6 phase, demonstrating that the green luminescence was derived from the 

pyrochlore-type Mg2LaTaO6. Orange/yellow emissions were observed from samples 

with y = 0.4 and 0.6 owing to the mixture of the perovskite-type red phosphor and 



78 

 

pyrochlore-type green phosphor in the samples with y = 0.2 to 0.8. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Emission spectra of La5/3-(2/3)yMg1+yTa0.99O6:0.01Mn (y = 0, 0.2, 0.4, 

0.6, and 0.8). 
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Fig. 3.12 (a) Excitation and (b) emission spectra of La5/3-(2/3)xMg1+yTa0.99O6:0.01Mn2+ 

(y = 0, 0.2, 0.4, 0.6, 0.8, and 1). 
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Local coordination environment around Mn in pyrochlore-type Mg2LaTaO6 

The local coordination environment of pyrochlore-type Mg2LaTaO6 was 

explored, and a schematic of its structure was produced (Fig. 3.14). The composition of 

the ideal pyrochlore-type structure is expressed as A2B2X7, in which the A-cation 

occupies the 16d site (eight-coordinate site), and the B-cation occupies the 16c site (six-

coordinate site) [26]. The X anions occupy the 48f and 8b sites, while the 8a site is 

unoccupied. Kumar et al. [21] found that Mg and La were randomly distributed across 

the 16d sites (A-site) in oxide-ion deficient pyrochlore-type Mg2LaTaO6, while Mg and 

Ta were randomly distributed across the 16c sites (B-site). The sum of the bond 

strengths of the 48f sites and 8b sites in Mg2LaTaO6 is calculated by Pauling’s second 

law [27], as shown in Fig. 3.15. The sum of the bond strengths of the 48f position is 

closer to -2 than that of the 8b position, suggesting that oxide ions are preferentially lost 

from the 8b. Accordingly, this deficient pyrochlore-type Mg2LaTaO6 structure consists 

of AO6 and BO6 octahedra owing to the empty 8b sites. Both AO6 and BO6 octahedra 

have a center of inversion identical to that of the nominal pyrochlore-type structure. 

Ramesha et al. reported an oxygen ion-deficient pyrochlore-type Pb2MnReO6 [28]. 

Their refinement demonstrated that Mn2+ and Re6+ are disordered at 16c sites, while the 

O2- anions occupied the 48f sites and the 8b site was unoccupied. The crystal structure 

of Pb2MnReO6 is shown in Fig. 3.16. The BO6 polyhedra in Pb2MnReO6 were highly 

distorted in a similar way to the highly distorted BO6 octahedron found in Mg2LaTaO6 

[21]. 

The coordination environment in the vicinity of Mn was evaluated using 

XANES. The Mn K-edge XANES spectrum of Mg2LaTa0.99Mn0.01O6 (y = 1) phosphor is 

shown in Fig. 3.17. The pre-edge peak was not identified in the spectrum of the 
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pyrochlore-type Mg2LaTaO6 phosphor, leading us to conclude that Mn occupied the site 

with a center of inversion. 

Mn4+ phosphors emit red light regardless of the parent material [10–13]; 

however, the emission wavelength of Mn2+-activated phosphors is dependent on the 

crystal field. As the crystal field becomes stronger, the emission wavelength shifts 

toward longer wavelengths. For example, in the case of the oxide phosphor, Mn2+ in a 

four-coordinate site without a center of inversion exhibits green emission owing to the 

relatively weak crystal field, while that in a six-coordinate site emits orange/red light as 

a result of the stronger crystal field [30–33].  

Table 3.1 shows the emission wavelengths and coordination numbers of the 

Mn2+ oxide phosphors [30–40]. The Mn-activated Mg2LaTaO6 phosphors, in which the 

six-coordinate sites are occupied, exhibited an emission peak at an intermediate 

wavelength (540 nm), suggesting that the highly distorted BO6 octahedron may weaken 

the crystal field, thus resulting in green emission from Mn2+. 
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Fig. 3.14 Schematic of the pyrochlore-type structure. A and B cations occupy the 16d 

site (eight-coordinate site) and 16c site (six-coordinate site), respectively. X anions 

occupy the 48f and 8b sites, while the 8a site is unoccupied. 
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Fig. 3.15 Sum of the bond strengths of 48f and 8b site in Mg2LaTaO6. It is defined by 

the following equation:−∑
𝑉𝑖

𝑛𝑖
𝑖 , where Vi and ni are the valence and coordination number 

of cation, respectively. 
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Fig. 3.16 Crystal structure of Pb2MnReO6 drawn using VESTA [29]. The BO6 

octahedron is highly distorted. The purple, black, and red spheres represent Mn/Re, Pb, 

and O, respectively. Mn2+ and Re6+ are disordered at 16c sites (purple polyhedral site). 
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Fig. 3.17 Mn-K edge normalized XANES spectra of Mg2LaTa0.99Mn0.01O6 phosphors. 
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Table 3.1 Emission wavelength and coordination number of Mn2+-activated oxide 

phosphors. 
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4.1 Garnet-type Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, and 2) red phosphors 

Novel garnet-type Ca2EuZr2-xSnxGa3O12 (x = 0, 0.5, 1, 1.5, and 2) red phosphors 

were synthesized via a solid-state reaction to supplement the red component of white 

LEDs. XRD analysis revealed that the garnet-type structure was formed in all samples. 

In samples with x = 0 and 2, the diffraction peaks were shifted to higher angles owing to 

the lattice shrinking due to differences in ionic radius. The diffraction peaks of the 

samples with x = 0.5, 1, and 1.5 were broad, indicating that the formation of solid 

solutions was difficult. The results of Rietveld analysis showed that Zr4+ occupied only 

the octahedral site and Ga3+ occupied only the tetrahedral site in the garnet-type 

Ca2EuZr2Ga3O12 phosphor, whereas both Sn4+ and Ga3+ occupied the octahedral site and 

the tetrahedral sites in the garnet-type Ca2EuSn2Ga3O12 phosphor. The results of 

photoluminescence measurements indicated that the Ω2/Ω4 ratio decreased gradually with 

an increase in x. This is because the substitution of Sn4+ increased the length of the shared 

edge of the tetrahedron and dodecahedron and resulted in a change in the symmetry of 

the dodecahedron occupied by Eu3+, which approached a square antiprism-like 

polyhedron.  
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4.2 Perovskite-type Mn4+-activated La5/3MgTaO6 red phosphor and pyrochlore-

type Mn2+-activated Mg2LaTaO6 green phosphor  

Cost-effective red-emitting phosphors with structures of La5/3-

(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) and La5/3-

(2/3)yMg1+yTa0.99Mn0.01O6 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) were synthesized by a solid-

state reaction for use in high-color-rendering white LEDs. An investigation of the 

luminescence properties of Mn-activated La5/3-(2/3)xBaxMgTa0.99Mn0.01O6 (x = 0, 0.2, 0.4, 

0.6, 0.8, and 1) phosphors suggests that the absorption and emission of Mn4+ in 

perovskite-type La5/3MgTaO6 is related to the A-site deficiency of the structure. The 

deficiency of La3+ in La5/3MgTaO6 causes Mn4+ to occupy distorted six-coordinate 

octahedral sites, thereby relaxing the forbidden transition. The XANES spectra showed 

evidence that Mn4+ was located at the non-inversion center in the A-site deficient 

perovskite-type structure. The Mn4+-activated La5/3MgTaO6 phosphor exhibits red 

emission under UV excitation at 365 nm, and thus has potential applications as a red 

phosphor in high-color-rendering white LEDs. 

Similarly, the pyrochlore-type Mg2LaTaO6 phosphor exhibited green emission 

at ~540 nm under UV excitation at 254 nm. In conjunction with the crystallographic 

data of Mg2LaTaO6, this result suggests that Mn2+ is present in the six-coordinated 

octahedral sites with a center of inversion in Mg2LaTaO6. Our results suggest that the 

highly distorted BO6 octahedron may weaken the crystal field, thereby resulting in 

green emission, and explaining the fact that Mn-activated Mg2LaTaO6 phosphor 

exhibited green emission despite the occupation of the six-coordinate sites.  
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