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phosphors: New insight into the effect of crystal and electronic structure
Jumpei Ueda∗, Setsuhisa Tanabe
Graduate School of Kyoto University, Human and Environmental Studies, Kyoto, 606-8501, Japan

A B S T R A C T

The absorption and luminescence properties (centroid shift and crystal field splitting of 5d orbitals) of Ce3+-doped garnets are summarized from the viewpoints of
chemical composition (electron negativity and optical basicity) and the local crystal structure of the Ce3+ ion (bond length and distortion). Clear trends exist between
(1) the centroid shift of 5d energy (εc) and the optical basicity of the host garnets and between (2) the crystal field splitting of the lowest 5d1-5d2 levels (Δ12) and a
new distortion parameter obtained from the crystal structure data. The data of quantum yield and quenching temperatures of Ce3+-doped garnets are also con-
sidered, indicating the thermal ionization process as the main mechanisms for the quenching process. Based on our recent experimental results, to prove the thermal
ionization process, the principle and the most important features of the photocurrent excitation (PCE) and thermoluminescence excitation (TLE) spectra measure-
ments are summarized. Finally, a general trend for the quenching temperature of Ce3+ luminescence in the garnets is discussed in terms of the energy gap between
the lowest 5d1 level and the conduction band bottom obtained from the vacuum referred binding energy (VRBE) diagram.

1. Introduction

The series of Ce3+-doped garnet luminescent materials with 5d-4f
emission is a fascinating group of compounds from the viewpoints of
optical application and scientific interest. The first Ce3+-doped garnet
optical material was developed by Blasse and Bril by using Y3Al5O12

(YAG) host for the flyingspot cathode-ray tube application in 1967 [1].
After that, in the 1970s, the Ce3+-doped garnets were also applied for
electron detection in the scanning electron microscopes (SEM) [2]. In
the 1990s, other applications using Ce3+-doped garnet phosphors such
as in the scintillator field for detection of X-ray and γ-ray [3–5] and in
the white light emitting diode (wLED) [6–8] have been established.
Recently, new optical applications such as the wavelength converter for
the solar cell [9] and the persistent luminescent materials for luminous
paints [10,11] and an AC-driven w-LED [12–14], are also studied and
explored. The Ce3+-doped garnets were used in the various application
areas because of the tunability and specificity of the Ce3+ luminescent
properties. The garnet crystal is composed of three different cation sites
which accommodate many types of cations with different ionic radius.
Thus, the garnet compounds have a quite wide solid solution range,
which finally yields variety and tunability for physical properties as
well as optical properties. In addition, the Ce3+-doped garnets show
many unique advantages [15,16], which is not observed in general
Ce3+-doped phosphors, such as high quantum efficiency (> 95%) [8],
high light yield (∼a few tenths thousand photons/MeV) [17–20], short
lifetime (∼50ns) [21], high quenching temperature (> 800K) [21–23],

large red shifting of 5d energy by strong crystal field splitting [24],
luminescent color variation (bluish green to red) [15,25] and so on.

Among their various optical applications, the most successful one
for the Ce3+-doped garnets is in wLED devices. Nowadays, the wLEDs
are rapidly replacing the incandescent lamps and (compact) fluorescent
tubes in all lighting markets (consumer, automotive and professional)
and the market is still growing. The most widely used type of wLEDs is a
phosphor converted wLED, which is composed of an InGaN-based blue
LED and visible luminescent inorganic phosphors, such as oxides and
nitrides doped with Ce3+ or Eu2+ as an active center [6,26,27]. Since
the discovery of the pre-known YAG:Ce3+ [1] as an excellent LED-
phosphor, many alternative phosphors have been designed [28–31] but
still, owing to the excellent spectral conversion characteristics, high
stability under the extremely high photon flux and at high operating
temperature, the YAG:Ce3+ as well as other Ce3+-doped garnets are
used in most wLEDs, which can be observed as a yellowish powder on
top of the LED-chip.

On the other hand, from the fundamental point of view, unsolved
mysteries for the 5d energy positions and the quenching process in the
series of Ce3+-doped garnet phosphors still remains or had remained
until recently. The first biggest concerns are the exceptionally strong
crystal filed splitting compared with other compounds and the unusual
tendency of the crystal filed splitting for the size of cation site occupied
by Ce3+ ion. In general, the crystal field splitting defined by the energy
gap between the lowest 5d level and highest 5d level increases when the
cation site size for Ce3+ ion becomes smaller. However, for instance in
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the series of (RE)3Al5O12:Ce3+ (RE= Y, Tb, Gd), a crystal field splitting
energy between the lowest 5d1 and second 5d2 level (Δ12) of Ce3+

enlarges with increasing cation size in the order of Lu < Y < Tb < Gd
[32,33]. As a result, the red-shifting of Ce3+ luminescence is observed
even though the cation size for the Ce3+ site becomes larger. Here,
some questions concerning the 4f-5d transitions are arising: (i) Does the
centroid shift not affect the red-shift of 5d1? (ii) Does the large Δ12 yield
the large crystal filed splitting (εcfs) defined by the energy gap between
the lowest 5d1 and highest 5d5 levels? Also, in the garnet compounds, it
is known that the distortion for the Ce3+ site affects the crystal field
splitting [34–36]. However, complete understanding of the relationship
between the local structure and the crystal filed splitting has not been
reached yet, bringing to another question: (iii) Can we define a new
distortion parameter to explain the crystal field splitting in the whole
Ce3+-doped garnets?

The second concern is related to luminescence quenching. The lu-
minescence quenching of the 5d-4f transition was often explained by
the thermally activated crossover quenching using configuration co-
ordinate (CC) diagrams [37,38] as shown in Fig. 1. The activation
barrier for the cross-over quenching decreases for a larger configura-
tional off-set and a smaller energy difference between the states. For
instance, among various Ce3+-doped garnets, Gd3Al5O12 (GAG) and
Tb3Al5O12 (TbAG) are suitable candidates as orange phosphors for
warm white LEDs. By increasing the cation size of the dodecahedral site
for Ce3+ in the order of Y < Tb < Gd, the 5d1 energy of Ce3+ decreases
(red-shifting) and the quenching temperature (T50%) decreases [32].

Therefore, the agreement between the tendency of the thermal
quenching and the estimated activation energy from the configuration
coordinate diagram seems to suggest the thermal quenching is caused
by the thermally activated cross-over process (Fig. 1). However, this
tendency is often not followed by other garnet systems. For instance, in
Y3Al5-xGaxO12:Ce3+, the 5d1 energy increases with Ga content and the
activation energy of cross-over quenching is expected to be increased
[39,40], but the T50% decreases [41]. This fact suggested us that there
are possibilities of another ionization quenching process in all the Ce3+-
doped garnets including even GAG and TbAG hosts.

In the following sections, we summarize the garnet crystal structure
and visualize the local structure around Ce3+ to discuss the distortion,
and then, we introduce the background of the Ce3+:4f-5d transition en-
ergy, the centroid shift and crystal field splitting. Subsequently, in

Chapter 2, the energy data of five 5d energy levels collected from the
literature and from new photoluminescence excitation spectra are ana-
lyzed to separate the contribution of the centroid shift and the crystal filed
splitting from the red-shift of the lowest 5d1 energy in Ce3+-doped gar-
nets. Based on these investigations, the centroid shift energy is found to
vary with the garnet composition. In addition, a clear correlation between
the centroid shift and the optical basicity obtained from the garnet
composition is introduced. A correlation between Δ12 and εcfs was found,
and a new distortion parameter for the Ce3+ site is proposed to explain
the crystal filed splitting effect on the Ce3+ 5d excitation state. In chapter
3, we summarize some methods to demonstrate the thermal ionization
quenching process and discuss the quenching process of Ce3+-doped
garnets based on the experimental results and the vacuum referred
binding energy (VRBE) diagram. In view of the dependence of centroid
shift (εc) with the garnet composition, the VRBE diagrams were con-
structed by the new U(6,A) parameters obtained from the εc of Ce3+:5d
energy. From the quenching temperature and the energy gap between 5d1

and the bottom of the conduction band obtained by the VRBE diagram,
the thermal ionization process is suggested as the main quenching process
in Ce3+-doped garnets.

1.1. Garnet structure

Originally, the meaning of garnet was a group of silicate minerals,
which are found in all over the world and used as a gemstone. In the
natural silicate garnet minerals, it is known that there are several
compositions such as Mg3Al2Si3O12 (Pyrope), Ca3Al2Si3O12 (Grossular),
Fe3Al2Si3O12 (Almandite), Mn3Al2Si3O12 (Spessartine), Mg3Cr2Si3O12

(Knorringite), Ca3Cr2Si3O12 (Uvarovite), Mg3Fe2Si3O12 (Andrade) and
so on. The chemical formula of general garnet crystals can be written as
{A}3[B]2(C)3O12. The garnet crystal structure was firstly described in
1917 using Almandite by Nishikawa [42]. This work is not widely
known, but he already identified that the garnet structure has a group
Oh

10 in Schonfles's notation [42]. After that, in 1929, Menzer also de-
termined the garnet structure in several minerals [43] as Ia d3̄ space
group. Among the numerous garnet compounds, the Y3Al5O12 crystal is
the most famous functional garnet material for various optical appli-
cations. However, this artificial compound cannot be found in natural
minerals. In 1951, Jaffe investigated the role of yttrium ions in the
garnet minerals and predicted the substitution of Y3+-Al3+ for Mn2+-
Si4+ in a Mn3Al2Si3O12 garnet [44]. In the same year, Yoder et al. also
suggested that {Mn1-xYx}3[Al]2(Si1-xAlx)3O12 solid solutions can be re-
presented, and then successfully prepared the end member of
{Y}3[Al]2(Al)3O12, which actually has a garnet structure [45]. Now-
days, it is known that there are some artificial garnets with composi-
tions such as aluminate, gallate and germanate garnets beyond the
natural silicate minerals.

Fig. 2a shows the unit cell of the general cubic garnet structure of
{A}3[B]2(C)3O12 oxide garnet. The space group is Ia d3̄ (No.230). The
lattice constant (a0) is generally around 12 Å. {A} represents a cation in

Fig. 1. Configuration coordinate diagram of Ce3+-doped garnet to explain the
thermally activated crossover quenching. The 5d excited states of Ce3+-doped
Gd3Al5O12(GAG), Tb3Al5O12(TbAG), Y3Al5O12(YAG) and Y3Ga5O12(YGG) were
shown in different colors. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 2. (a) Unit cell of garnet structure with dodecahedron {A} site (gray),
octahedral [B] site (yellow), tetrahedral (C) site (blue) and anions (red spheres).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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the dodecahedral (8-fold) site, which is represented by 24c as Wyckoff
position. [B] and (C) represent cations in octahedral (6-fold) site (16a)
and in the tetrahedral (4-fold) site (24d), respectively. All the oxygen
anions occupy tetrahedral sites (96 h). In the unit cell, 160 atoms exist.
The dodecahedral {A} site can be occupied by Y3+, Gd3+, Lu3+, Tb3+,
Ca2+, Sr2+, Mg2+; the octahedral [B] site can be occupied by Al3+,
Ga3+, In3+, Sc3+, Y3+, Mg2+, Fe3+, Cr3+; the tetrahedral (C) site can
be occupied by Al3+, Ga3+, Si4+, Ge4+. The combination of cations in
{A}, [B], (C) sites are varied and limited by the relationship of ionic
radius and valence states for the net charge neutrality.

The Ce3+ ion, as do other Ln3+ ions, occupies the dodecahedral {A}
site. The environment of local structures around the {A} site is important
for understanding the optical properties of Ce3+ ion. Fig. 3a shows the
cluster of the dodecahedral site with four octahedral and six tetrahedral
sites. Here, the other dodecahedral sites are not shown for avoiding the
complex structure. The dodecahedral {A} site shares two edges with two
tetrahedral (C) sites, four edges with four octahedral [B] site and four

edges with four dodecahedral site. In addition, the dodecahedral {A} site
shares four corners with a tetrahedral (C) site (totally four). As referring
the naming way by Euler [46], the shared edges between tetrahedral and
dodecahedral sites, between octahedral and dodecahedral sites and be-
tween dodecahedral and dodecahedral sites are expressed as d48, d68, d88,
respectively. Three different un-shared edges are represented as d81, d82

and d83 [47]. Fig. 3b shows the schematic dodecahedral site expressed by
the defined edges. Totally, the dodecahedral site possesses 18 edges of
2 × d48, 4 × d68, 4 × d88, 2 × d81, 4 × d82, 2 × d83. The bond lengths
between the {A} cation and O2− and between O2− and O2− that create
an edge of the dodecahedral site are closely related to the optical prop-
erties of Ce3+ ion. The distortion factor is often estimated by the ratio of
dodecahedral edges. Wu et al. proposed the distortion parameter by the
ratio of d88 with respect to d81 to explain the unusual tendency of lu-
minescence wavelength in some specific garnet composition [34].
However, we find the d88/d81 is not a perfect parameter if we extended
this parameter to whole garnet compositions, and propose that d83/d48

divided by the modified average bond length between the {A} cation and
O2− anion is a reasonable parameter to discuss the distortion as dis-
cussed later in chapter 2.

1.2. Ce3+:4f-5d transition

Ce3+ ion is one of the lanthanide ions (atomic number: 58) and it is
characterized by the electronic configuration of [Xe]4f1. From the Dieke
diagram, it is known that Ce3+ ion with [Xe]4f1 electronic configuration
has one 4f-4f absorption due to the transition from 2F5/2 to 2F7/2 levels,
which are generated by the spin-orbit coupling. In addition, Ce3+ ion can
be excited into [Xe]4f05d1 electronic configuration. In the free ion, the
absorption from the 4f ground state to the 5d excited state of [Xe]4f05d1

can be observed at around 6 eV [48,49]. The 5d excited state is split by
the spin-orbit coupling into 2D3/2 and 2D5/2, the absorption energies be-
tween 2F5/2 and 2D3/2 and between 2F5/2 and the average energy of 2D3/2

and 2D5/2 are 6.12 and 6.35 eV, respectively, in the free ion of Ce3+

Fig. 3. (a) Local structure of dodecahedral site (four nearest dodecahedral sites
are not depicted) and (b) corresponding schematic dodecahedral framework
represented by sharing edges (d88, d68, d48) and non-sharing edges(d81, d82,
d83).

Fig. 4. Schematic energy diagram of Ce3+ ion in the free ion state, spherical field, octahedral field, cubic field and dodecahedral field for understanding the centroid
shift and the crystal filed splitting.
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[48,49]. On the other hand, it is also known that Ce3+ shows strong 4f-5d
absorption and 5d-4f luminescence from UV to visible range in the Ce3+-
doped compounds [24,49–51]. The wavelength variations in different
host crystals are caused by the shift of the 5d energy levels. Fig. 4 shows
the schematic energy diagram of Ce3+:5d energy levels. For the d orbital,
the orbital angular momentum, l, is 2, so there are five possible states
(=2l + 1). If the spin-orbit coupling of Ce3+ ion in the free ion state is
ignored, the 5 d orbital states degenerate. Assuming Ce3+ ion in the
spherical electrostatic field caused by anion coordination, the five states
still degenerate, but the 5d energy can be shifted by the centroid shift
which is defined as the lowering of the energy of the Ce3+ 5d-config-
uration relative to the value for as a free ion (6.35 eV) [52]. The centroid
shift is determined by the chemical (covalence) and physical (polariz-
ability) properties of the anions coordinating Ce3+. Occupying a center of
a specific anions polyhedron site, Ce3+ ion is affected by the crystal field
splitting which is mainly determined by the size and shape of the first
anion coordination polyhedron around Ce3+. For instance, the 5d energy
level is split into t2g (dxy, dxz, dyz) and eg (dx2-y2,dz2) in the octahedral
coordination. The splitting energy between t2g and eg orbitals in an oc-
tahedral field (ΔO) can often be expressed as the crystal field splitting

parameter (10Dq) [53]. Compared with the degenerated 5d level in the
spherical field, the t2g orbitals are stabilized by −0.4 × ΔO and the eg
orbitals are un-stabilized by +0.6 × ΔO. On the contrary, in a cubic
polyhedron, the t2g orbitals are un-stabilized and the eg orbitals are sta-
bilized. Assuming the same bond length of Ce3+-O2- in the cubic poly-
hedron as that in the octahedral polyhedron, the splitting energy in the
cubic field (ΔC) becomes 8/9 × ΔO [54]. Compared with the degenerate
5d level in the spherical field, the eg orbitals are stabilized by 0.6 × ΔC

and the t2g orbitals are un-stabilized by 0.4 × ΔC. Therefore, under the
same condition of Ce3+-O2- bond length, the 5d energy of eg orbital in the
cubic symmetry becomes much lower than that of t2g in octahedral
symmetry theoretically. In the dodecahedral site in garnet structure, the
configurations of the eight oxide ions around Ce3+ ion are displaced from
the cubic polyhedron and then becomes a disordered square anti-prim
(dodecahedron). In this case, the eg and t2g orbitals split more. The
splitting between the lowest 5d1 and the second lowest 5d2 is noted as Δ12

and the normal crystal field splitting between the lowest 5d1 and the
highest 5d5 is noted as εcfs [25]. As a result, a significant red shifting of the
4f-5d1 absorption can be observed in the garnet-type structure materials.

The 4f-5d1 absorption band exhibits a broad spectral shape as a

Table 1
Collected spectroscopic data of 5d1, 5d2 excitation bands and D(1,3+,A) of Ce3+ ion and structural data of Rav, d88, d48,d81,d83 and lattice constant of garnet hosts.

5d2 (nm) 5d1 (nm) D(1,3+,A) (eV) Ref. Rav (pm) d88 (Å) d48 (Å) d81 (Å) d83 (Å) Ref. Lattice constant (Å) Ref.

Gd3Al5O12 337 470 3.48 [25,55] 249 3.006 2.692 2.963 4.122 [56] 12.11 [56]
Gd3Al4Ga1O12 339 459 3.42 [25] 12.17 [57]
Gd3Al3Ga2O12 340 448 3.35 [25] 252 3.071 2.76 2.97 4.166 [56] 12.22 [57]
Gd3Al2Ga3O12 344 441 3.31 [25] 252 3.049 2.813 2.926 4.134 [56] 12.27 [57]
Gd3Al1Ga4O12 347 437 3.28 [25] 12.32 [57]
Gd3Ga5O12 348 428 3.22 [25] 249 2.947 2.798 3.083 4.046 [56] 12.38 [56]
Gd2Y1Al5O12 337 467 3.47 [57] 12.13 [57]
Gd2Y1Al4Ga1O12 339 456 3.4 [57] 12.18 [57]
Gd2Y1Al3Ga2O12 343 447 3.34 [57] 12.21 [57]
Gd2Y1Al2Ga3O12 345 442 3.32 [57] 12.23 [57]
Gd2Y1Al1Ga4O12 347 440 3.3 [57] 12.29 [57]
Gd1Y2Al5O12 339 463 3.44 [57] 12.04 [57]
Gd1Y2Al4Ga1O12 341 453 3.38 [57] 12.09 [57]
Gd1Y2Al3Ga2O12 344 441 3.31 [57] 12.15 [57]
Gd1Y2Al2Ga3O12 348 439 3.3 [57] 12.2 [57]
Gd1Y2Al1Ga4O12 349 437 3.28 [57] 12.26 [57]
Y3Al5O12 340 457 3.41 [25,58] 245 2.859 2.701 2.899 3.962 [59] 12.01 [59]
Y3Al4Ga1O12 346 454 3.39 [25] 245 2.856 2.694 2.973 3.956 [59] 12.04 [59]
Y3Al3Ga2O12 347 446 3.34 [25] 245 2.83 2.738 2.925 3.931 [59] 12.09 [59]
Y3Al2Ga3O12 349 435 3.27 [25] 245 2.826 2.754 2.981 3.922 [59] 12.16 [59]
Y3Al1Ga4O12 355 430 3.24 [25] 246 2.811 2.78 2.966 3.914 [59] 12.21 [59]
Y3Ga5O12 350 416 3.14 [25] 246 2.816 2.812 2.976 3.913 [47] 12.27 [47]
Lu3Al5O12 348 448 3.35 [25] 243 2.75 2.684 2.877 3.85 [46] 11.91 [46]
Lu3Al4Ga1O12 [350] 438 3.29 [25] 11.97
Lu3Al3Ga2O12 [348] 432 3.25 [25] 12.05
Lu3Al2Ga3O12 [350] 428 3.22 [25] 12.09
Lu3Al1Ga4O12 [358] 415 3.13 [25] 12.15
Lu3Ga5O12 [357] 408 3.08 [25] 245 2.713 2.793 2.959 3.812 [46] 12.19
Y3Sc2Al3O12 348 443 3.32 [60,61] 246 2.745 2.684 2.929 3.974 [62] 12.27 [46]
Y3Sc2Al2Ga1O12 349 427 3.22 [60,61] 12.39 [60]
Y3Sc2Al1Ga2O12 350 420 3.17 [60,61] 12.43 [60]
Y3Sc2Ga3O12 357 419 3.16 [60,61] 248 2.772 2.8 2.987 3.949 [63] 12.45 [60]
Gd3Sc2Al3O12 341 457 3.41 [60,61] 247 2.815 2.705 2.954 4.053 [64] 12.39 [64]
Lu1.5Y1.5Al5O12 343 453 3.38 This work
Y2.5La0.5Al5O12 342 462 3.44 [65]
Tb3Al5O12 338 465 3.45 [66,67] 244 2.889 2.728 2.911 3.962 [68] 12.00 [68]
Sr3Y2Ge3O12 297 433 3.26 [69,70] 255 3.083 2.738 3.071 4.491 [71] 13.09 [69]
Sr3Lu2Ge3O12 [300] 435 3.27 [69,70]
Ca3Y2Ge3O12 312 425 3.2 [69] 253 2.867 2.705 2.969 4.259 [72] 12.81 [69]
Ca3Lu2Ge3O12 312 421 3.17 [69] [69]
Ca3Sc2Si3O12 308 432 3.25 [23] 247 2.921 2.548 2.891 4.239 [73] 12.25 [73]
Mg3Y2Ge3O12 320 463 3.44 [74] 249 2.748 2.677 2.929 3.973 [72] 12.25 [74]
Mg3Y2Ge3O12 (absorption) 323 425 3.2 [75] 249 2.748 2.677 2.929 3.973 [72] 12.25 [74]
Mg3Y2Ge2.7Si0.3O12 318 466 3.46 [74] 12.24 [74]
Mg3Y2Ge2.1Si0.9O12 314 468 3.47 [74] 12.19 [74]
Mg3Y2Ge1.5Si1.5O12 310 470 3.48 [74] 12.15 [74]
Mg3Y2Ge0.9Si2.1O12 308 474 3.5 [74] 12.11 [74]
Lu2Mg2Al2Si2O12 327 436 3.28 [76] 250 2.866 2.624 2.755 4.027 [76] 11.88 [76]
Lu2Ca1Mg2(SiO4)3 322 473 3.5 [77] 243 2.749 2.557 2.839 3.995 [77] 11.98 [77]
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result of large configurational offset for 5d1 exited state and electron-
phonon coupling as shown in Fig. 1. Unlike that the 4f orbital is inner
orbital and shielded by filled 5s and 5p shells, the outer 5d orbital is not
shielded. Thus, the equilibrium distance between Ce3+(4f ground
state)-O2- is different from that between Ce3+(5d excited state)-O2-,
which results in large configurational offset in the configurational co-
ordinate diagram. Also, the excited 5d electron is strongly coupled with
various lattice vibration modes (phonons) due to the non-shielded outer
orbital. According to the Franck-Condon principle, the 4f electron can
be excited into the 5d state coupling with some phonons directly. The
degree of electron-phonon interaction is expressed by Huang-Rhys
parameter (S). With increasing Hunag-Rhys parameter, the electron-
phonon interaction becomes stronger. The Stokes shift energy has the
following relationship, (Stokes shift energy) = 2S . Here, is
phonon energy. For the specific garnet compounds which do not have
inhomogeneous broadening, sometimes sharp zero-phonon line (ZPL)
and phonon lines can be observed in absorption, PLE and PL spectra at
low temperature. Also, the Hunag-Rhys parameter can be obtained
using the relationship between ZPL intensity (IZPL) and total emission
intensity (I0), IZPL = I0 × exp(−S) [21].

2. Variation of Ce3+:5d-4f luminescence wavelength in garnet

The 5d energy splitting of Ce3+ in the garnet structure can be in-
terpreted approximately as explained above. In this section, based on
the experimental data of Ce3+-doped garnets, we focus on the con-
tributions of the centroid shift and the crystal filed to the red shifting of
5d1 energy. Dorenbos already collected the spectroscopic data of (Gd, Y,
Lu)3(Al1-xGax)5O12:Ce3+ and plotted the 5d1 and 5d2 energy as a
function of red shifting parameter (D(1, 3+,A)), finding a clear trend
between D(1,3+,A) and Δ12 [25]. Here, the D(1, 3+,A) is expressed by

+ =D E E(1,3 ,A) 0.23fd free f d A, 5 1,ave (1)

where Efd free,ave is the average energy of 4f-5d absorption in the free ion
(6.35 eV), Ef d A5 1, is the lowest 4f-5d absorption energy (eV) in com-
pound A, 0.23 eV is the difference between Efd free,ave and the lowest 4f-5d
(2D3/2) energy in the free ion as shown in Fig. 4. In order to confirm that
the trend between the red shift and Δ12 observed in series of (Gd, Y,
Lu)3(Al1-xGax)5O12:Ce3+ can be applied for all the other Ce3+-doped
garnets listed in Table 1, the 5d1, 5d2 and eg energies of extra garnet
phosphors are plotted as a function of red shifting parameter, D(1,
3 + ,A), as shown in Fig. 5. As proposed by Dorenbos, the Ce3+-doped
rare-earth aluminum gallium garnets represented by (RE)3(Al,Ga)5O12

(RE= Gd, Y, Lu) garnets shows good proportionality between redshift
and the Δ12 splitting where we added the data of Gd1Y2(Al, Ga)5O12,
Gd2Y1(Al, Ga)5O12 and Y3Sc2(Al,Ga)3O12 garnets doped with Ce3+. The
fact that the large splitting of Δ12 follows the red-shifting of 4f-5d1

absorption implies that the changing redshift within the (Gd, Y, Lu)3(Sc,
Al, Ga)5O12 garnets is almost controlled by changing the crystal field
splitting and that the change in the centroid shift have very minor
contribution.

2.1. Relationship between centroid shift and composition

Fig. 5 also shows how the 5d1 and 5d2 energies in some garnets
containing either Si or Ge (red hexagon, blue pentagon and green star)
do not follow the trend of (Gd, Y, Lu)3(Sc, Al, Ga)5O12 garnets. The
large or small Δ12 does not show red-shifting or blue-shifting always,
which implies that the centroid shift can be changed largely in the si-
licate and germanate garnets, such as (Sr,Ca)3(Lu,Y,Sc)2(Si,Ge)3O12,
Lu2Mg2Al2Si2O12, Lu2Ca1Mg2Si3O12 and Mg3Y2(Si,Ge)3O12, compared
with (Gd, Y, Lu)3(Sc, Al, Ga)5O12 garnets. Thus, the centroid shift for
the Ce3+-doped garnet materials including (Gd, Y, Lu)3(Sc, Al, Ga)5O12

garnets should be reconsidered. To check the centroid shift, it is ne-
cessary to observe all the 5d energy levels. However, in the Ce3+-doped
garnets, it is difficult to observe all the 5d energy levels because of the

overlapping between the band-to-band and the 4f-5d3,4,5 absorptions.
So far, all the 5d energy levels of Ce3+ were determined only in two
garnets of Lu3Al5O12(LuAG) [25,78] and Y3Al5O12(YAG) [25,79,80] by
the experimental results. To increase the data of various garnet hosts,
the photoluminescence excitation spectra of Ce3+-doped LuAG,
(Lu0.5Y0.5)3Al5O12(LuYAG), YAG, Y3Sc2Al3O12 (YSAG) and
Y3Sc2Ga3O12 (YSGG) that have relatively wide bandgap were measured
as shown in Fig. 6a. In these series of garnets, in addition to the 5d1 and
5d2 bands at around 450 and 350 nm, respectively, other PLE bands
were observed between 200 and 240 nm, which are considered as
5d3,4,5 bands. Only in YAG:Ce3+ and LuAG:Ce3+, the zero-phonon line
and phonon lines were observed in 4f-5d1 PLE band at around 450 nm
because the [B] and (C) sites are substituted by only Al ions which leads
to small inhomogeneity around Ce3+ ion. The ZPL intensity with re-
spect to the 4f-5d1 PLE band in LuAG:Ce3+ is weaker than that in
YAG:Ce3+, which indicates that the Huang-Rhys parameter in
LuAG:Ce3+ is larger than that in YAG:Ce3+. This result shows good
agreement with the reported Huang-Rhys parameters for YAG:Ce3+

(S = 6) [21] and LuAG:Ce3+ (S = 9) [81]. Focusing the transition
wavelength, in the order of YAG, LuYAG and LuAG, the 5d1 is blue-
shifted, the 5d2 is red-shifted and the set of 5d3,4,5 is blue-shifted. For
the YSAG and YSGG, with increasing Ga content, the 5d1 is blue-shifted
and the 5d2 is red-shifted as observed in (Lu,Y)AG garnet, but the set of
5d3,4,5 is red shifted. In 2015, we reported the PLE spectra of Ce3+-
doped Y3Al4Ga1O12 (YA4G1G), Y3Al3Ga2O12 (YA3G2G) and
Y3Al2Ga3O12 (YA2G3G) in the VUV to UV range [41]. In this Y3Al5-

xGaxO12, with increasing Ga content, the 5d1 is blue-shifted, the 5d2 is
red-shifted and the set of 5d3,4,5 is red shifted. Also, (Gd,Y)3Al5-

xGaxO12:Ce3+ shows the similar energy shifting of 5d levels for Ga
content to that in the Y3Al5-xGaxO12:Ce3+ [57]. These complicated
shifting in different series of garnets can be caused by a balance of
centroid shift (εc) and crystal filed splitting (ΔC and Δ12). To look in the
details of 5d3,4,5 bands, the enlarged PLE spectra in the energy scale are
shown in Fig. 6b. The PLE band at around 225 nm does not show a
simple symmetric structure. It is known that the PLE band of Ce3+ at
around 225 nm in the YAG and LuAG is also asymmetric [78,79]. This
set of bands can be deconvoluted by Gaussian functions. As a fitting
condition, three PLE bands related to 5d3,4,5 are assumed at around
225 nm with keeping bandwidths constant and one band is considered
at about 260 nm that was reported as the defect absorption [80,82]. For
the exciton absorption, an exponential baseline was considered. How-
ever, the fitting error was still significant because of some unknown
absorption bands. Extra PLE bands were also assumed for the fitting.
The resulting fitting curves reasonably match the spectra, the band-
width of 5d3,4,5 are within 0.31–0.32 eV for (Lu,Y)3Al5O12. This band-
width is similar to those of the 5d1 and 5d2 bands. The 5d3,4,5 position in
YAG and LuAG are in line with the previously assigned values in YAG
by Tanner [80] and LuAG by Dorenbos [25]. For YSAG and YSGG, the
5d bandwidths are slightly broadened probably due to the in-
homogeneous broadening.

From the obtained data of 5d1∼5 excitation bands, the εc, εcfs, ΔC and
Δ12 are estimated and summarized as shown in Table 2. In addition, the
Y3Al5-xGaxO12:Ce3+ data re-analyzed by us in a previous paper [41]
and the calculated Ca3Sc2Si3O12:Ce3+ data reported by Zhou [83] are
also added in Table 1. By changing host materials, the ratio of εc and
crystal filed splitting are changed. To visualize this change, the stacking
column chart of different parameters that contribute to the red-shifting
parameter is shown in Fig. 7. Here, the orange area shows the εc sub-
tracted by 0.23eV, the blue area reflects the normal crystal field con-
tribution in the cubic field (ΔC) which was estimated from the sub-
traction of centroid energy for 5d1 and 5d2 (Ecentro5d1,2) from the
centroid energy for 5d1∼5(Ecentro5d1∼5) and the purple area reflects the
contribution of the crystal filed splitting between 5d1 and 5d2, which
was estimated by half of Δ12. The centroid shift in LuAG, LuYAG and
YAG is almost the same as each other as expected from the trend of Δ12

as a function of D(1,3+,A) in Fig. 5 and as proposed by Dorenbos [25].
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Fig. 5. Energy of excitation to the first two 5d-levels (5d1, 5d2) and centroid energy of 5d1 and 5d2 (eg) of Ce3+ in garnet compounds against the red shift energy of D
(1,3+,A). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. (a) PLE spectra of Ce3+ luminescence in LuAG, LuYAG, YAG, YSAG and YSGG from VUV to visible ranges. (b) Enlarged PLE spectra at around 5.5 eV in energy
scale for deconvolution.
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However, the centroid shift of YAGG, YSAG and YSGG are much larger
than that of LuAG, LuYAG and YAG despite the fact that YAGG, YSAG
and YSGG follow the trend of Δ12 as a function of D(1,3+,A) in Fig. 5.
Also the centroid shift of CSSG is smaller than YAG. Thus, the centroid
shift of Ce3+:5d orbitals is affected by the host composition.

It is known that the centroid shift depends not only on the atomic
species of the anion but also on that of the cations that bind with the
anions. Morrison proposed [84] that the centroid shift in fluoride
compounds is caused by the correlated motion of the 5d-electron and
the electrons in the surrounding ligands. In the oxides and other com-
pounds, the covalency also affects the centroid shift significantly. Thus,
the centroid shift can be contributed by the correlated motion (ε2) and
covalency (ε1), representing = +c 1 2. Subsequently, Dorenbos as-
sumed the ε1 is propotional to ε2. Based on the Morrison's equation
[84], Dorenbos introduced the effective polarizability [49] that is

named as spectroscopic polarizability (αsp), and reported below equa-
tion,

= ×
= R R

1.79 10 1
( 0.6 )c sp

i

N

i

13

1
6 (2)

where Ri is the distance from Ce3+ ion to the ligand i in pm, the cen-
troid shift energy is in eV, αsp is in Å3 and =R R RM Ce, RM is the
ionic radius of the cation that is replaced by Ce3+ with ionic radius RCe
and R0.6 is the estimated amount of bond length relaxation. The
spectroscopic polarizability can be expressed by = +( )1sp 1

2 (α is
the polarizability) and characterizes the chemical property of the anion
ligand and the cations that bind with the anion ligands [85]. One may
relate the average bond strength of the ligand electrons to the average
electronegativity χav of the cations in the compound defined as

=
n z
n zav

i i i i

i i i (3)

where ni is the number of cations of type i with charge +zi and elec-
tronegativity i in the compound formula [85]. Dorenbos proposed also
the following linear relationship [85],

= +X b X( ) ( )
sp

av
0 2 (4)

where X( )0 is the limiting spectroscopic polarizability of anion X in
the case of very large χav, i.e., in the case of strong binding of the anion
valence electrons to cations. One may interpret b X( ) as the suscept-
ibility of anion X to change its polarizability due to its bonding with
coordinating cations. Dorenbos found that most of oxide compounds
follow this linear relationship with 0.4 of O( )0 and 4.6 of b O( ) para-
meters [52] as shown in the black line of Fig. 8. It is known that La3+-
based compounds, in which there are no bond-length-relaxation and no
charge compensation for the Ce3+ ion, shows good agreement with this
trend, while Ba2+-based compounds, in which there are large bond-
length-relaxation and charge compensation, are out of line [52]. In
general, the data of Ce3+ in rare earth sites (La, Gd, Y, Lu) follows well
Eq. (4), while some compounds such as Ce3+-doped (RE)AlO3 per-
ovskites (RE= La, Gd, Y, Lu) show deviation [85]. However, Eq. (4) is
still useful to discuss the trend of αsp with respect to the host compo-
sitions as well as the average electronegativity. Fig. 8 shows the spec-
troscopic polarizability estimated from the obtained centroid shift en-
ergy and the crystal structure data in the Ce3+-doped garnet as a
function of av

2, and the general trend estimated using Eq. (4) with 0.4

Table 2
Collected energetic parameters of 5d1, 5d2, 5d3, 5d4 and 5d5 and calculated parameters of εc, εcfs, Δc, Δ12 from the 5d1-5 energies in Ce3+-doped garnet hosts.

Host Ref. 5d1 5d2 5d3 5d4 5d5 εc εcfs ΔC Δ12

Y3Al5O12 (YAG) [25] 2.71eV
457 nm

3.65eV
340 nm

5.51eV
225 nm

5.66eV
219 nm

6.05eV
205 nm

1.64eV 3.34eV 2.56eV 0.94eV

This work 2.71eV
457 nm

3.66eV 339 nm 5.45 eV
228 nm

5.66eV
219 nm

5.94eV
209 nm

1.63eV 3.23eV 2.50eV 0.95eV

Lu3Al5O12 (LuAG) [25] 2.77eV 448 nm 3.56eV
348 nm

5.41eV 229 nm 5.64eV
220 nm

6.02eV
206 nm

1.67eV 3.25eV 2.53eV 0.79eV

This work 2.77eV 448 nm 3.58eV 346 nm 5.48 eV 226 nm 5.73 eV 216 nm 6.02 eV 206 nm 1.63eV 3.25eV 2.57eV 0.81eV
Lu1.5Y1.5Al5O12 (LuYAG) This work 2.74eV

453 nm
3.62eV
343 nm

5.49eV
226 nm

5.72eV
217 nm

5.98eV
207 nm

1.64eV 3.24eV 2.55eV 0.88eV

Y3Al4Ga1O12 (YA4G1G) [41] 2.73eV
454 nm

3.58eV
346 nm

5.29eV
234 nm

5.6eV
221 nm

5.94eV
209 nm

1.72eV 3.21eV 2.46eV 0.85eV

Y3Al3Ga2O12 (YA3G2G) [41] 2.78eV
446 nm

3.57eV
347 nm

5.18eV
239 mm

5.49eV
226 nm

5.85eV
212 nm

1.78eV 3.07eV 2.33eV 0.79eV

Y3Al2Ga3O12 (YA2G3G) [41] 2.85eV
435 nm

3.55eV
349 nm

(4.93eV)
(252 nm)

(5.25eV)
(236 nm)

(5.59eV)
(222 nm)

1.92eV 2.74eV 2.06eV 0.70eV

Y3Sc2Al3O12 (YSAG) This work 2.86eV
443 nm

3.56eV
348

5.17eV
240 nm

5.55eV
225 nm

5.95eV
208 nm

1.73eV 3.09eV 2.35eV 0.70eV

Y3Sc2Ga3O12 (YSGG) This work 2.96eV
419 nm

3.47eV
357 nm

(4.82eV)
(257 nm)

(5.11eV)
(243 nm)

(5.42eV)
(229 nm)

1.99eV 2.46eV 1.9eV 0.51eV

Ca3Sc2Si3O12 (CSSG) [82] 2.87eV
432 nm

4.02eV
308 nm

5.59eV
222 nm

6.1eV
203 nm

6.31eV
197 nm

1.37eV 3.44eV 2.56eV 1.15eV

Fig. 7. Details of red shifting in host A. The contribution of centroid shift,
crystal filed splitting by cubic filed (ΔC) and crystal filed splitting of 5d1 and 5d2

(Δ12) are estimated from εc-0.23 eV, Ecentro5d1∼5(5d1∼5 centroid energy)-
Ecentro5d12(5d1,2 centroid energy) and Δ12/2, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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of O( )0 and 4.6 of b O( ) parameters.
Aluminate garnets such as YAG, LuAG and YSAG and silicate garnet

CSSG roughly follow the increase tendency in which αsp increases with
χav

−2. This trend can be understood by the electronegativity difference
of cations. Compared with the electronegativity of Al ( 1.61Al ), that
of Sc ( 1.36Sc ) is much smaller. Consequently, YSAG has larger
χav

−2 and larger sp compared with YAG. For CSSG, the average elec-
tronegativity becomes larger (χav

−2 becomes smaller) due to the sig-
nificant large electronegativity of Si( 1.90Sc ), so that sp is smaller
compared with YAG. On the other hand, sp of gallium-substituted
garnets does not follow this linear relationship. Since the electro-
negativity of Ga ( 1.81Ga ) is larger than that of Al, sp of Ga-sub-
stituted garnets should be smaller than that of pure aluminate garnets.
However, the observed sp in Ga-substituted garnets are totally opposite
tendency, it increases with increasing Ga content in Y3Al5-

xGaxO12:Ce3+. Dorenbos discussed that the compounds formed by the
ions with the noble-gas electron configuration such as [Ne] electron
configuration for Al3+ follow well the linear relationship in sp as a
function of av

2, however, it has never been verified yet whether this
tendency is followed also by Ga3+-based compounds with filled 3d sub-
shell, i.e., with non-noble-gas electron configuration [25]. Fig. 8 clearly
shows that the garnet hosts formed by Ga3+ ions does not follow
normal behavior observed in the garnet compounds formed by the ions
with noble-gas electronic configuration. Therefore, sp of Ga-substituted
garnet compounds is not predicted simply by electronegativity.

Dorenbos also investigated the correlation between sp and the op-
tical basicity (Λ) [86]. The optical basicity is the electron donating
power of oxygen ligands, and it was firstly estimated from the energy
shifting of 1S0–3P1 transition of Pb2+, Bi3+ and Tl+ [87–89]. The op-
tical basicity can be calculated from the chemical composition as below
[90],

=
N

z1
2cal

a i

N
i

i

c

(5)

where Na is the number of oxygen anions in the compounds formula.
The summation is over all the Nc cations in the compounds formula,
where zi is the charge of cation i and γi is the optical basicity moder-
ating parameter belonging to cation i. γi can be estimated from the
Pauling electronegativity χi of the cation as below [90,91],

= 1.36( 0.25)i i (6)

Dorenbos corrected the spectroscopic data of Ce3+ in some compounds

and estimated the optical basicity of host materials using Eqs. (5) and
(6), and found a good linear relationship between cal and αsp [86].

However, by plotting the αsp as a function of the optical basicity
estimated from the electronegativity using equations (5) and (6), the
data of Ce3+-doped garnet does not follow a general tendency in which
the polarizability of oxygen ion becomes larger with increasing optical
basicity as shown in Fig. 9 [86]. This is probably because of the method
to calculate the optical basicity moderating parameter (γ) using Eq. (6),
which was obtained from the linear fit of two values of γH in H2O and
γCa in CaO against the electronegativity [90]. Eq. (6) is valid for some
cations, but not for all the cations.

Thus, the optical basicity moderating parameter estimated from the
experimental data (refractive index [92–94] or band gap energy
[92,95]) may be better than that from the electronegativity. Fig. 10
shows the plot of αsp with the obtained optical basicity (Λcal_RI) using
the optical basicity moderating parameter estimated from the refractive
index summarized by Duffy [96]. In this case, a clear linear relationship
was observed. Empirically, we found that αsp in the Ce3+-doped garnets
can be estimated from the following equation,

= ×10.34 _ 5.36sp cal RI (7)

Therefore, in the Ce3+-doped garnet, αsp as well as centroid shift can be
estimated from the optical basicity (Λcal_RI) which is calculated from the

Fig. 8. The spectroscopic polarizability, αsp, derived from the observed centroid
against χav

−2. The black line is estimated using Eq. (4) with 0.4 of O0( ) and
4.6 of b O( ). Red dots represent Ga3+-substituted barnets, black squares re-
present aluminate garnets, green triangle represents silicate garnet. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 9. The spectroscopic polarizability, αsp, against the optical basicity esti-
mated using parameter derived from electronegativity (Λcal_EN).

Fig. 10. The spectroscopic polarizability, αsp, against the optical basicity esti-
mate using the parameter derived from refractive index (Λcal_RI). The green line
is a linear fitting curve. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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optical basicity moderating parameter and the chemical composition.

2.2. Relationship between crystal field splitting and crystal structure

It is known that the crystal field splitting of Ce3+ in the garnet
compounds is incredibly large. This is probably because of the local
structure around Ce3+ ion. As mentioned in Fig. 5, the dodecahedral
site has a disordered square anti-prism structure, whose distorted
structure may induce extra crystal filed splitting of Δ12. In general, the
crystal field splitting εcfs becomes larger with decreasing the cation site
size. Dorenbos reported the general tendency between εcfs and the
average bond length modified by the lattice relaxation (Rav) from the
spectroscopic and structural data of some Ce3+-doped compounds
[24,50,51,52]. The Rav is defined as

=
=

R
N

R R1 ( 0.6 )av
i

N

i
1 (8)

where Ri are the individual bond lengths to the N coordinating anions
in the unrelaxed lattice [52]. =R R RM Ln with RM the ionic radius of
the cation that is replaced by the lanthanide Ln with ionic radius RLn,
and R0.6 is the estimated amount of bond length relaxation. In the
octahedral(octa), cubic, dodecahedal(dodeca) and cuboctahedral(cubo)
coordination, crystal field splitting appeared to behave the following
relationship,

= Rcfs poly
Q

av
2

(9)

where poly
Q is a constant that depends on the type of

coordination polyhedron and whether the lanthanide is trivalent
(Q = 3+) or divalent (Q = 2+) [24,50,51,97]. Dorenbos estimated

= ×+ 1.68 10 eV·pmocta
3 5 2 and =: : : 1: 0.89: 0.79: 0.44octa

Q
cubic
Q

dodeca
Q

cubo
Q

for Ce3+ ion [24,50,51, 52, 97]. Here, the dodeca
Q value is based on the

different dodecahedral with D2d, C1 or C2 symmetry to that in garnet
( garnet

Q ) with D2 symmetry [51]. Fig. 11 shows the crystal field splitting
of εcfs dependence as a function of Rav. The observed tendency in the
garnet phosphors is totally different from the reported trend of Ce3+ in
all the polyhedron such as octahedaral, cubic and dodecahedral sites
obtained using Eq. (9) as showing Fig. 11. As a result, the garnet group
can be classified to the strongest crystal field splitting group. These
results implies that general value of garnet

Q does not exist and it is
probably variable because of the strong distortion.

Here, it should be noted that there are only fewer garnet hosts in
which all the 5d1∼5 bands can be observed as discussed in centroid
shift, so that εcfs is not a comprehensive parameter for the discussion of

various series of garnet hosts. On the other hand, the 5d1 and 5d2 en-
ergy levels can be always observed, so that Δ12 can be a useful para-
meter. Fig. 12 shows the εcfs dependence as a function of Δ12. A good
correlation was found, so instead of εcfs, Δ12 can be used as a parameter
for the discussion of crystal filed splitting. By fitting using linear
function except the point of Ca3Sc2Si3O12:Ce3+, the below function was
obtained,

= +2.08 1.42 in eV unitcfs 12 (10)

Fig. 13 shows Δ12 as a function of lattice constant using collected
data as shown in Table 1. In each specific series of garnets such as
GAGG (Gd3Al5-xGaxO12), G2YAGG (Gd2Y1Al5-xGaxO12), G1Y2AGG
(Gd1Y2Al5-xGaxO12), YAGG (Y3Al5-xGaxO12), LuAGG (Lu3Al5-xGaxO12),
YSAGG (Y3Sc2Al3-xGaxO12) and MYSGG (Mg3Y2Si3-xGexO12), Δ12 in-
creases with decreasing the lattice constant, while in all garnet com-
positions no tendency was observed. Even though the Δ12 are plotted by
average bond length modified by lattice relaxation, there is no tendency
as shown in Fig. 14.

It is obvious that we should take into account the distortion of the
dodecahedral site in the garnet hosts. Thus, we collected the crystal
structure data of garnet compounds based on the ICSD(Inorganic
Crystal Structure Database) and summarized the bond length related to

Fig. 11. Crystal field splitting, εcfs, of Ce3+ against Rav. The dashed lines are
obtained from Eq. (9) with poly

Q parameters.

Fig. 12. εcfs of Ce3+:5d against Δ12 in some Ce3+-doped garnets in which all
5d1-5 were determined.

Fig. 13. Δ12 against lattice constant in various Ce3+-doped garnets.
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the dodecahedral {A} site as shown in Table 1. Wu et al. showed a
tendency between the luminescence wavelength and the disorder factor
defined as the ratio of edge lengths of dodecahedral, d88/d81 [34]. As
shown in Fig. 3b, d88 is the edge shared by another dodecahedral, d81 is
one of the non-sharing edges. However, d88/d81 is not a perfect para-
meter to explain the crystal field splitting as shown in Fig. 15a. Re-
cently, Song et al. reported the trend between the distortion and the
radio of d88/d48 [35]. The d84 is the edge shared by another tetrahedral
site as shown in Fig. 3b. Fig. 15b shows the Δ12 versus d88/d48 plot,
where a relatively better linearity compared with the plot versus d88/
d81 was observed. Here, we found that the ratio of d83/d48 is a much
better parameter to predict Δ12 as attested by the good linearity in
Fig. 15c. The d83 is the non-sharing edge of the dodecahedral site which
is the approximate diagonal of the square formed by two d88 and two
d86 edges (Fig. 3b). The ratio d83/d48 is the parameter to describe the
distortion of the dodecahedral site, but it does not fully consider the
contribution of the size of the dodecahedral site. In order to include this
contribution, we propose a new parameter dividing d83/d48 by the Rav.
Fig. 16 shows the good linearity for the Δ12 dependence of d83/d48 di-
vided by Rav. However, some points such as green pentagon
(Mg3Y2Ge3O12), purple hexagon (Tb3Al5O12), dark blue left triangle
(Y3Sc2Al3O12) and wine red star (Ca3Sc2Si3O12) do not perfectly follow
the trend. Based on the linear fit done without considering the above
four points, we found the Δ12 can be estimated empirically by the
crystal structure data of garnet as,

= × d
d R

942 1 4.78
av

12
83

48 (11)

Here, 12 is in eV unit and Rav is in pm unit.
For the Mg3Y2Ge3O12 host, we reported the significant in-

homogeneity around Ce3+ ion which causes a substantial mismatch
between the absorption spectrum and photoluminescence excitation
spectrum. If we calculate the Δ12 from the absorption spectrum of
Mg3Y2Ge3O12 [75], the point follows the line as shown in Fig. 16. In
addition, for Ca3Sc2Si3O12, Sharma et al. reported different 5d1 and 5d2

excitation band at 440 and 287 nm [23] from that at around 440 and
310 nm in other reports [83,98]. If we take Sharma's data, Δ12 also
becomes closer to the fitting line. Therefore, the obtained function may
be used as a useful tool to confirm the 5d1 and 5d2 assignment and the
energy position.

3. Luminescence quenching of Ce3+ in garnets

For the optical devices based on the 5d-4f luminescence of Ce3+, the
(thermal) quenching of the luminescence becomes a big issue. Until the
∼1990s, the luminescence quenching of the 5d-4f transition was often
explained by the thermally activated crossover mechanism by using the
configuration coordinate (CC) diagram [37,99]. The thermally acti-
vated crossover process, as shown by the red arrow in the CC diagram
of Fig. 1 is the nonradiative relaxation process from the excited 5d

Fig. 14. Δ12 against Rav in Ce3+-doped garnets in which the crystal structure
data was reported.

Fig. 15. Δ12 against (a) d88/d81, (b)d88/d48 and (c)d83/d48. The symbols are the same as that in Fig. 14.

Fig. 16. Δ12 against d83/(d48·Rav) of various Ce3+-doped garnets. The red line is
a fitting result. For Mg3Y2Ge3O12 and Ca3Sc2Si3O12, two different data from the
different group were plotted. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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potential curve to the lower 4f potential curve through the crossing
point. At the crossing point, the energy of 5d state coupling with a few
phonons matches that of a higher 4f vibronic state and the resonant
transition to the 4f state is followed by rapid non-radiative relaxation to
the lower vibronic 4f states. The high 4f vibrational levels involved
have their amplitude concentrated almost exclusively at the extremes of
the parabola. Because of this, the thermally activated cross-over is often
depicted as a thermally activated process with the energy difference
between the lowest vibrational level of the excited state and the
crossing point of the parabola as activation energy. The simple acti-
vation energy of crossover quenching in the CC diagram can be esti-
mated by the zero-phonon energy, Huang-Rhys parameter and phonon
energy if the anharmonicity of the potential curves and the temperature
dependence of effective phonon energy are ignored [37]. This activa-
tion barrier decreases for a smaller energy difference between the states
and a larger configurational off-set (large Huang-Rhys parameter and
large phonon energy) [100].

For instance, the energy difference between the 5d1 state and the
next lower 4f (2F7/2) state for Ce3+-doped YAG is significantly large
(∼3.1 eV), while for Pr3+-doped YAG the energy difference between
5d1 state and the next lower 4f(3P2) state is much smaller (∼1.5 eV)
[100]. The YAG:Ce3+ and YAG:Pr3+ have almost the same Huang-Rhys
parameter and phonon energy, so that the energy difference between
the states determines the thermally activated quenching properties.
Although the YAG:Pr3+ is likely to show the thermally activated
crossover quenching, the Ce3+-YAG is not likely to show it even at high
temperatures due to the quite large energy difference. Also, the
quenching temperature of 5d-4f luminescence in Y3Al5-xGaxO12:Pr3+

increases with increasing Ga content up to x = 3 because the 5d energy
shifts to higher. This result follows the trend of the thermally activated
crossover quenching [100]. However, as explained in the introduction,
the series of Ce3+-doped garnets, such as Y3Al5-xGaxO12, does not
follow the tendency of the thermally activated cross-over quenching
estimated from the configurational coordinate diagram; the ionization
process should be considered.

Raukas, Happek and Yen et al. firstly demonstrated the existence of
auto-ionization and thermally activated ionization (thermal ionization)
quenching from the first 5d1 excited level in Ce3+-doped phosphors by
photoconductivity analysis in the 1990s [101–103]. Auto-ionization is
the electron transfer process without thermal assistance from the 5d
excited state to the conduction band (CB) as shown in the dark green
arrow of Fig. 17, while thermal ionization is the thermally activated
electron transfer process as shown by the red arrow of Fig. 17. The
combination of the photon excitation from the 4f ground state to the 5d

state and the auto-ionization from 5d to the CB is defined as photo-
ionization while when the thermal energy supports the ionization
process, we refer to the thermally assisted photoionization. The state in
which the electron is located in the CB and the hole is trapped by the
luminescent center is not stable, so that the recombination process
occurs non-radiatively (quenching). Note that not all the ionized elec-
trons recombine with the photo-oxidized luminescent center non-ra-
diatively. Some of the ionized electrons can transfer back to the 5d
excited state immediately or after trapping to intrinsic defects and de-
trapping processes (persistent luminescence and delayed recombination
luminescence) [10,11,104,105]. In any case, the thermally activated
photo-ionization process leads to reduced light output. The quenching
temperature, which is defined as the temperature at which the PL in-
tensity or the lifetime becomes half of those at low temperature, is
determined by the energy difference between the emitting excited state
and the conduction band edge.

The thermal quenching of Ce3+ luminescence in garnets was al-
ready studied in 1973, when Weber measured the temperature depen-
dence of the 5d-4f luminescence in YAG:Ce3+ and YAG:Pr3+ and re-
ported that the lifetime of the 5d1 excited state rapidly decreases above
600 K in YAG:Ce3+ [106]. He tried to explain the quenching process by
non-radiative multiphonon relaxation from the 5d state to the 4f ground
state. From the late 1970s, in order to understand the inability to obtain
lasing of YAG:Ce3+, the excited state absorption (ESA) from the lowest
5d1 energy level was studied by some groups [107–109]. Pedrini et al.
investigated the threshold energy of photoionization of Ce3+ in the
YAG host by photoconductivity measurement and also suggested that
the strong ESA is caused by the transition from 5d1 to CB [109].
However, the 5d1 excitation band was not observed in the photocurrent
excitation spectrum [109]. In 1991, based on the rough agreement
between the quenching activation energy (6500 cm−1, 0.81 eV) esti-
mated from the temperature dependence of lifetime and the 5d1-CB
energy gap estimated from the ESA peak (10000 cm−1, 1.24 eV), Lyu
and Hamilton suggested that the quenching process of YAG:Ce3+ is
caused by the thermal ionization [110,111]. However, there had not
been any direct evidence of the thermal ionization quenching process
from the first 5d1 excited level in any Ce3+-doped garnets as well as
YAG:Ce3+ until our report [112]; the excitation band corresponding to
the 5d1 energy level of Ce3+-doped garnets had never been reported in
the photocurrent excitation spectra although the 5d2 band have been
observed in Gd3Sc2Al3O12:Ce3+ by Happek et al. [113].

Since the thermal ionization quenching depends on the energy gap
between the 5d1 excited level and the bottom of the conduction band
(Fig. 17), the CB engineering strategy can be adapted to investigate the

Fig. 17. Schematic diagram of ionization quenching
process based on Ce3+-doped Y3Al2Ga3O12 and the
CB engineering for controlling the thermal ioniza-
tion quenching process: With increasing Al or Lu
content instead of Ga or Y, respectively, the CB
bottom increases, while with increasing Ga or Gd
content instead of Al or Y, respectively, the CB
bottom decreases.
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thermal ionization quenching. So far, the CB engineering strategy in
Ce3+-doped garnets have been used in the scintillator area to prevent
the trapping of electrons by shallow traps [18,114], in the persistent
phosphor area to control the persistent luminescence performance
[11,115] and also in the phosphor area to understand the quenching
process [55,60,112]. For instance, by considering the Y3Al2Ga3O12 host
(Fig. 17), the CB bottom increases by substituting Y and Ga with smaller
ions such as Lu and Al, respectively, while the CB bottom decreases by
substituting Y and Al with larger ions of Gd and Ga, respectively.
Therefore, the series of rare earth aluminum gallium garnets, such as
(Gd,Y)3Al5-xGaxO12 and Y3Sc2Al3-xGaxO12, became a key model com-
pound to systematically investigate the quenching process. In this view,
their optical and optoelectronic properties will be shown in chapter 3.1
and 3.2.

Note that in this review we focus on intrinsic quenching processes
which should be observed in the ideal phosphor with dilute Ce3+

concentration. Extrinsic quenching processes, such as the concentration
quenching and the energy transfer to some defects or impurity ions due
to synthesis condition are not considered. The extrinsic quenching
processes cause the deviation of quenching temperature or quantum
yield [21,116]. For instance, Bachmann et al. reported the Ce3+ con-
centration dependence for the quenching temperature in the YAG host
[21] and Lin et al. reported the down shifting of phonon frequency in
YAG:Ce3+ with increasing Ce3+ concentration and suggested the cor-
relation with the nonradiative process [116].

3.1. Quantum yield and thermal quenching

Quantum yield (QY) is defined as the ratio of emitted photons to
absorbed photons. Fig. 18 shows the QY of Ce3+:5d-4f luminescence in
the GdyY3-yAl5-xGaxO12:Ce3+ (x = 0–5, y = 0–3) (GYAGG series) and
Y3Sc2Al3-xGaxO12:Ce3+ (x = 0–3) (YSAGG series) hosts [57,60], which
were directly evaluated with an integrating sphere using blue light
excitation (440 m–450 nm) and a spectrophotometer. The QY keeps
almost constant or slightly decreases up to x∼3 in all of the GYAGG
garnet series with y = 0,1,2 and 3, while above x∼3 the QY drops
significantly. Also for the YSAGG series, the QY diminishes with in-
creasing Ga content.

Fig. 19 shows the temperature dependence of Ce3+ luminescence in
the Y3Al5-xGaxO12 (YAGG series) and Y3Sc2Al3-xGaxO12 garnet hosts

[41,60]. All of the samples show that the PL intensity drops with in-
creasing temperature. As expected from the QY results, the quenching
temperature decreases with increasing Ga content in all the series of
garnets. According to the single barrier model, the temperature de-
pendence of the photoluminescence(PL) intensity can be expressed by
below function,

=
+

= ×( )I T T T( ) ( )
exp

( )PL E
kT

f
0 (12)

where IPL is the luminescence intensity, is the quantum efficiency,
is the radiative rate, 0 is the attempt rate of the nonradiative process,

E is the activation energy, k is the Boltzmann constant, T is the
temperature, τf is the fuluorescence lifetime.

Fig. 18. Quantum yield of Ce3+: 5d-4f lumines-
cence in five different garnet series with different
Ga content excited by blue light (440 nm–450 nm)
[57,60]. (Reproduced with permission from Refs.
[57,60], copyright 2013&2018, Elsevier). The QY of
Y3Al5-xGaxO12:Ce3+ is private new data. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Fig. 19. Temperature dependence of integrated Ce3+:5d-4f photoluminescence
intensity excited by blue light in Y3Al5-xGaxO12:Ce3+ [41] (Reproduced from
Ref. [41] with permission from the Royal Society of Chemistry). and Y3Sc2Al3-

xGaxO12:Ce3+ [60] with different Ga content (Reproduced with permission
from Ref. [60], copyright 2013, Elsevier). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this
article.)
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Using the definition of T50% one obtains

=
× ( )T E

k ln
50%

0
(13)

Clearly, with increasing Ga content in the series of YAGG and YSAGG
hosts, the activation energy for the quenching process becomes smaller.
These results observed in the QY and the temperature dependence of
the PL intensity measurements contradict the tendency of the thermally
activated crossover quenching. As shown in the previous chapters, the
5d1 energy increases with increasing Ga content instead of Al in the
GYAGG and YSAGG series, which indicates that the activation energy of
thermally activated crossover becomes larger. However, the experi-
mental results show that the activation energy decreases with in-
creasing Ga content. Therefore, it is supposed that the quenching pro-
cess of these garnet hosts can be caused by the thermal ionization, but
not by the thermally activated crossover.

3.2. Thermal ionization: photoconductivity measurements

In order to demonstrate the auto-ionization and the thermal ioni-
zation quenching from the 5d excited level in the Ce3+-doped garnets,
we have measured the photocurrent excitation (PCE) spectrum, which
is a plot of photocurrent as a function of excitation wavelength
[60,112]. Fig. 20 shows the schematic diagram of the PCE spectrum
measurement system. In this system, an opaque garnet ceramic pellet
was used, so that gold electrodes were deposited on the same side of the
sample pellet which was partially masked by a tape of 1-mm width to
separate the electrodes. The sample connected with two copper wires
was mounted into a cryostat to control the sample temperature between
20 K and 300 K (Iwatani industrial gases Co., Ministat) or between 80K
and 800 K (Advanced Research Systems, Helitran LT3). In addition, a
sample chamber was always kept in a vacuum to suppress the surface
current of the sample. The sample was excited by a combination of a
300-W Xe lamp (Asahi Spectra Co., Ltd, MAX-302) and a mono-
chromator (Nikon, G250). A direct voltage of 300 V was applied to the
sample, and photocurrents were measured with a digital electrometer
(ADVANTEST, 8240).

To investigate the quenching process of Ce3+ luminescence in the
series of Y3Al5-xGaxO12 hosts, the PCE spectra of Y3Al5O12(YAG),
Y3Al2Ga3O12(YAGG) and Y3Ga5O12(YGG) were examined (Fig. 21)
[112]. At ambient temperature, no photocurrent was observed in the
YAG:Ce3+ sample by excitation in the wavelength range from 300 to

550 nm. On the other hand, intense photocurrent excitation bands were
observed at around 420 and 350 nm in the YGG:Ce3+ and the
YAGG:Ce3+ samples at 300 K as shown in Fig. 21. Because peak wa-
velengths of these two bands correspond to the results in the absorption
spectra of the YAGG:Ce3+ and YGG:Ce3+ samples, the PCE bands at
around 420 and 350 nm are identified as the 4f–5d1 and 4f–5d2 tran-
sitions, respectively. These results of the PCE spectra show that the
excited electrons at 5d1 and 5d2 levels transfer to the CB. Therefore, the
quenching process of Ce3+ in the YAGG and YGG hosts can be caused
by the ionization process. Fig. 22 shows the temperature dependence of
the Ce3+:5d1-4f photoluminescence intensity and the photocurrent in-
tensity in the YAGG host [115]. With increasing temperature, the
photoluminescence intensity decreases while the photocurrent in-
creases monotonically. This inverse correlation demonstrates that the
quenching process of Ce3+ in Y3Al2Ga3O12 is caused by thermal ioni-
zation.

Also, based on the temperature dependence of the PCE spectra, the
energy level location can be discussed. In the PCE spectra at 50K, the
photocurrent was observed only by the 5d2 excitation, but not by the
5d1 excitation in the YAGG:Ce3+ sample. In the YGG:Ce3+ sample, a
significant photocurrent was observed by both 5d1 and 5d2 excitations
even at low temperature. These phenomena can be understood by the
relative position between the 5d levels and the CB. The 5d1 level in the
YAGG:Ce3+ can be located just below the bottom of the CB, so that the
photoconductivity from the 5d1 level to the CB can be induced by a
thermally stimulated process. The fact that the PCE band of the 5d2

level in the YAGG:Ce3+ was observed at low temperature shows that
the 5d2 level is located within the CB. On the other hand, in the YGG:Ce,

Fig. 20. Schematic diagram of photocurrent excitation spectrum measurement system.

Fig. 21. Temperature variations of photocurrent excitation spectra of Ce3+

doped Y3Al2Ga3O12 (YAGG) and Y3Ga5O12 (YGG) [112] (Reproduced with
permission from Ref. [112], copyright 2011, American Institute of Physics).
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the 5d1 and 5d2 level can be located within the CB, so that the
quenching occurs by the autoionization.

The similar PCE spectra were also observed in another series of
garnets. For the series of Y3Sc2Al3-xGaxO12 hosts as shown in Fig. 23a,
the Y3Sc2Ga3O12:Ce3+ sample shows strong 5d1 and 5d2 photocurrent
excitation bands between 100 and 500 K while the Y3Sc2Al3O12:Ce3+

sample does not show 5d1 and 5d2 PCE bands even at 500K [60]. When
we compare the PCE intensity of the YSAGG samples with different Ga
content at the same temperature, the PCE intensity increases with in-
creasing Ga content. Thus, it is clear that the Ga-substituted Y3Sc2Al3-

xGaxO12:Ce3+ undergoes the thermal ionization quenching. With the
same experimental setup, Lesniewski and our group also investigated
the PCE spectra of Gd3Al2Ga3O12 and Gd3Ga5O12 samples as shown in
Fig. 23b and c [117], respectively. These two garnet phosphors also
show strong 5d1 and 5d2 PCE bands and specific temperature depen-
dence, which also demonstrate the thermal ionization quenching in the
Gd3Al2Ga3O12 host and the auto-ionization in the Gd3Ga5O12 host as
observed in the similar hosts of Y3Al2Ga3O12 and Y3Ga5O12. Based on
the photoconductivity measurement in the series of Ce3+-doped YAGG,

GAGG and YSAGG with Ga-substituted composition, the main
quenching process was determined as the auto-ionization or the
thermal ionization process.

3.3. Thermal ionization: thermoluminescence measurements

While we could demonstrate the thermal ionization process by the
photoconductivity measurement, we still could not demonstrate the
quenching process of YAG:Ce3+ having a quite high quantum efficiency
at ambient temperature and the difficulty of photoconductivity mea-
surement even at very high temperatures. In addition, phosphors for
wLEDs are generally powder form, so that the photoconductivity
measurement, which requires the samples with single crystal or ceramic
forms, is not a conventional method. In 2015, we successfully demon-
strated the thermal ionization process of YAG:Ce3+ by investigating the
electrons moving from the excited 5d level of Ce3+ ion to the electron
traps through the conduction band using thermoluminescence(TL)
phenomenon [118]. Thermoluminescence and persistent luminescence
(thermoluminescence at ambient temperature) are caused by detrap-
ping of the charges that were previously trapped followed by re-
combination on a luminescent center. Charge trapping occurs when
electrons in the excited state of luminescence centers are transferred to
the CB (e.g. through thermal ionization) and then captured by traps in
the host. By measuring the TL intensity or persistent luminescence
(PersL) intensity as a function of the charging wavelength, the TL ex-
citation (TLE) spectrum or the PersL excitation (PersLE) spectrum are
obtained. Both of TLE [118] and PersLE [119] provide the information
of the threshold energy for the photoionization process as obtained in
the PCE spectrum [112]. The advantage for the TLE and the PersLE
measurements is to be able to measure the powder samples.

Fig. 24a shows the TLE spectra of storage and persistent phosphors
of Y3Al5-xGaxO12: Ce3+-Cr3+ with x = 0, 1, 2, 2.5 and 3, which we
developed [41]. In these phosphors, Cr3+ acts as an efficient electron
trap, so that the intense TL intensity can be observed above ambient
temperature. Thus, the TLE spectra can be measured as shown in
Fig. 24a. The samples were charged at ambient temperature by
monochromatic light at each wavelength. The TLE spectrum of

Fig. 22. Temperature dependence of photoluminescence and photocurrent in
Y3Al2Ga3O12:Ce3+ [115] (Reproduced with permission from Ref. [115], copy-
right 2015, the Ceramic Society of Japan).

Fig. 23. Temperature variation of photocurrent excitation spectrum of (a) Y3Sc2Al3-xGaxO12 [60], (Reproduced with permission from Ref. [60], copyright 2013,
Elsevier), (b) Gd3Al2Ga3O12 and (c) Gd3Ga5O12 [117] (Reproduced from Ref. [117] with permission from the Royal Society of Chemistry).
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Y3Al2Ga3O12: Ce3+-Cr3+ (Fig. 24a) is very similar to the PCE spectrum
of Y3Al2Ga3O12:Ce3+(Fig. 21) at ambient temperature. From this ac-
cordance, it is possible to conclude that the effect by Cr3+ co-doping for
the charging process is limited and the charging process is mainly de-
termined by the energy location between the Ce3+:5d energy levels and
the bottom of CB. Based on the TLE spectra charged at ambient tem-
perature, it is found that the thermal ionization process from the 5d1

excited level to the bottom of CB occurs only in x = 3 and 2.5 samples
at ambient temperature, but not in x = 0, 1 and 2. These results are in
good agreement with the results of PL intensity as a function of tem-
perature as shown in Fig. 19. The samples with x = 0, 1 and 2 do not
show luminescence quenching at 300K, while the samples with x = 2.5
and 3 show clear quenching. Therefore, it is concluded that the TLE
spectrum is very effective analysis to investigate the thermal ionization
quenching.

The TLE spectrum analysis was also applied to the discussion of the
luminescence quenching at higher temperatures for YAG:Ce3+ [118].
Fig. 24b shows the TLE spectra of a YAG:Ce3+ sample charged at 303
and 573 K, which are the temperatures that the YAG:Ce3+ sample does
not show quenching and show quenching, respectively (Fig. 19). At
303 K, a TLE band is observed at around 340 nm while at 573 K an
additional TLE band is observed at around 450 nm. The TLE bands at
450 nm and 340 nm are attributed to the transition from the 4f ground
level to the 5d1 and the 5d2, respectively. Because the trap filling

proceeds by the electron transport through the conduction band, these
results provide the evidence that the electrons in the 5d2 level are
thermally ionized to the conduction band already at 303 K but the
electrons at the 5d1 level are only thermally ionized efficiently at higher
temperatures around 573 K. At 573 K, a temperature corresponding to
the onset of thermal quenching of the Ce3+ luminescence in the
YAG:Ce3+ sample, the excitation in the lowest 5d1 band at 450 nm
gives rise to a TL signal, indicating that the thermal ionization is re-
sponsible for the thermal quenching of the Ce3+ luminescence in the
YAG host [118].

3.4. VRBE diagram and thermal ionization quenching

It is shown that the main quenching mechanism of some Ce3+-
doped garnets is caused by the thermal ionization. Its activation energy
can be determined by the energy gap between the bottom of CB and the
lowest 5d1 energy level. In this section, we discuss the thermal
quenching behavior from the Ln2+/3+-vacuum referred biding energy
(VRBE) diagram which includes the valence band, conduction band and
Ln2+/3+ ground and excited levels. The Ln2+/3+-VRBE can be con-
structed by spectroscopic data such as host exciton, charge transfer
energy in Eu3+-doped compound, red shift parameter of Ce3+ D(1, 3+,
A) and the Coulomb correlation energy U(6,A), which is the energy
difference between the ground state (GS) energy of Eu2+ and that of
Eu3+ [52,120], without using the activation energy of the thermal io-
nization process. Therefore, the quenching process can be discussed by
another approach using the energy gap between 5d1 and CB obtained
by the VRBE diagram.

The VRBE of Eu2+ ( +E A(7,2 , )f4 ) can be estimated by following
eauation [121],

+ = +E A U A
U A

(7,2 , ) 24.92 18.05 (6, )
0.777 0.0353 (6, )f4 (14)

Also, Dorenbos reported the correlation between U(6,A) and εc of Ce3+

ion as below [122],

= +U A exp(6, ) 5.44 2. 834 ( /2.2)c (15)

Thus, using equations (14) and (15), the VRBE of Eu2+ can be de-
termined. Also the VRBE of Eu3+ can be determined from U(6, A). After
determining the VRBE of Eu2+, the VRBE of valence band (VB) top can
be estimated by the charge transfer (CT) energy of Eu3+ because the CT
energy is equivalent to the energy gap between the top of the VB and
the Eu2+ GS. After that the CB bottom can be determined from the band
gap. In this study, the band gap energy at low temperature (∼10K) is
estimated from the creation energy of host exciton (Eex) at low tem-
perature using the Eex+0.008(Eex)2 equation for correction of electron-
hole binding energy [123]. If only the host exciton energy at room
temperature was obtained, 0.15 eV was added to correct the factor by
temperature.

Until now, the VRBE diagrams of garnet hosts have been reported,
but the U(6,A) value is often assumed as a constant in the series of
garnets [41,57]. As shown in Chapter 2, it is clear that the Ce3+ cen-
troid shift energy depends on the garnet host composition. Thus, dif-
ferent U(6,A) should be used for each garnet composition. Using the
empirical equations (2), (7) and (15), the U(6,A) can be estimated from
the garnet composition and the crystal structural data. However, the
crystal structure data of garnet solid solutions such as Gd3Al5-xGaxO12

with x = 1, 2, 3, 4, Y3Sc2Al3-xGaxO12 with x = 1 and 2, and Gd3-

yYyAl5O12 with y = 1, 2 have never reported. In these solid solutions, Ri

in equation (2) cannot be obtained, so that U(6,A) of these compounds
were predicted by assuming that the U(6,A) follows to the linear trend
obtained from the data of end members. Also, the charge transfer en-
ergies in the Y3Sc2Al2Ga1O12 and Y3Sc2Al1Ga2O12 hosts were estimated
based on the linear trend of CT energies of Y3Sc2Al3O12 and
Y3Sc2Ga3O12 which are estimated from the Yb3+ charge transfer (pri-
vate data). The collected parameters were shown in Table 3 and the

Fig. 24. (a) TLE spectra of Y3Al5-xGaxO12:Ce3+-Cr3+ charged at ambient tem-
perature [41]. (Reproduced from Ref. [41] with permission from the Royal
Society of Chemistry). (b) TLE spectra of YAG:Ce3+ charged at 303 and 573 K
[118] (Reproduced with permission from Ref. [118], copyright 2015, American
Chemical Society).
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VRBE diagram was constructed as shown in Fig. 25.
Compared with the reported VRBE diagrams of garnet hosts

[25,41], the relationship between the 5d energy levels and the CB
bottom was changed and new VRBE diagrams are more reasonable. For
instance, in the previous VRBE diagram of Ce3+-doped LuGG, GGG and
YGG, the 5d1 energy is lower than the bottom of CB [25], which implies
that the luminescence can be observed at low temperature. However,
these Ce3+-doped LuGG, GGG and YGG do not show the luminescence
even at low temperatures [55,112,124]. In the new VRBE diagram, the
5d1 energy in these hosts is completely located within the conduction
band which is the same situation as predicted from the photo-
conductivity measurement [112]. From the obtained VRBE diagram,
the energy gap between 5d1 and CB bottom (ΔΕ5d1-CB) was summarized
as shown in column 5 of Table 3. The T50% is also shown in column 6 of
Table 3.

Fig. 26 shows the T50% quenching temperature as a function of
ΔΕ5d1-CB. If the quenching process is the thermal ionization, the
quenching temperature is related to the energy gap of ΔΕ5d1-CB. In ac-
tual, the T50% increases with increasing ΔE5d1-CB (Fig. 26). From the

=
×

T E

k ln
50% 0

, see Eq. (13), the linear trend is expected in Fig. 26. The

typical radiative rate for Ce3+ is roughly estimated to be 2 × 107 s−1,
which corresponds to approximately 50 ns radiative lifetime. The ty-
pical phonon frequency of oxide compounds are 500–1000 cm−1, so
that Γ0 in oxide material is typically ∼2 × 1013 s−1 [125]. The
Boltzmann constant is ×8.617 10 eV/K5 . Based on these parameters
and Eq. (13), one obtains T50% = 840ΔE in eV unit. The experimental
T50% values against ΔE5d1-CB were fitted by a linear function, resulting
in the slope of 620 K/eV. For the fitting, unreliable and non-lumines-
cent Ce3+-doped GGG, LuGG, YGG data were excluded. The

Table 3
Experimental data on exciton energy (Eex), charge transfer (ECT), U(6, A), D(1,3+,A), ΔE5d-CB and T50% in each garnet host.

Host, A Eex (eV) Ref. ECT (eV) Ref. U(6,A)
(eV)

D(1, 3+, A) (eV) ΔE5d1-CB (eV) T50% (K) Ref.

Gd3Al5O12 6.39 [55] 5.37 [25] 7.23 3.48 0.87 405 [55]
Gd3Al4Ga1O12 6.35 [57] 5.36 [57] 7.17 3.42 0.56 406 [55]
Gd3Al3Ga2O12 6.30 [57] 5.27 [57] 7.10 3.35 0.46 410 [55]
Gd3Al2Ga3O12 6.22 [57] 5.20 [57] 7.04 3.31 0.27 320 [55]
Gd3Al1Ga4O12 6.00 [57] 5.00 [57] 6.97 3.28 0.21 175 [55]
Gd3Ga5O12 5.40 [55] 5.00 [126] 6.91 3.22 −0.15 < 10 [55]
Gd2Y1Al5O12 6.39 [57] 5.50 [57] 7.08 3.47 0.58 408 [127]
Gd1Y2Al5O12 6.54 [57] 5.60 [57] 6.94 3.45 0.49 454 [127]
Y3Al5O12 7.10 [41] 5.42 [128] 6.79 3.41 1.09 640 [41]
Y3Al4Ga1O12 7.09 [41] 5.34 [41,128] 6.72 3.39 1.07 583 [41]
Y3Al3Ga2O12 6.88 [41] 5.25 [128] 6.68 3.34 0.84 491 [41]
Y3Al2Ga3O12 6.67 [41] 5.19 [128] 6.63 3.27 0.55 344 [41]
Y3Al1Ga4O12 6.42 [41] 5.12 [128] 6.60 3.24 0.05 301 [41]
Y3Ga5O12 6.06 [41] 5.05 [128] 6.57 3.14 −0.16 < 10 [41]
Lu3Al5O12 7.35 [25,114,129] 5.65 [130,131] 6.79 3.35 1.07 800 [22]
Lu3Ga5O12 6.00 [129] 5.00 [132] 6.57 3.08 −0.23 < 10 [18,114,124]
Y3Sc2Al3O12 6.78 This work 5.13 This work 6.71 3.32 0.86 533 [60]
Y3Sc2Al2Ga1O12 6.67 This work 5.07 This work 6.67 3.22 0.66 483 [60]
Y3Sc2Al1Ga2O12 6.29 This work 5.02 This work 6.62 3.17 0.20 410 [60]
Y3Sc2Ga3O12 6.17 This work 4.96 This work 6.57 3.16 0.07 332 [60]
Ca3Sc2Si3O12 6.81 [82] 4.86 [82] 7.02 3.25 1.40 900 [23]
Ca3Y2Ge3O12 6.59 [70] 4.77 [70] 6.79 3.20 0.98 265 [70]
Sr3Y2Ge3O12 5.90 [70] 4.43 [70] 6.79 3.26 0.63 320 [23]
Mg3Y2Ge3O12 5.90 [74] 4.61 [133] 6.80 3.20 0.40 283 [75]

Fig. 25. Stacked VRBE diagram of garnet hosts using various U(6,A) parameter which was obtained from the centroid shift estimated by optical basicity.
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experimental slope shows good agreement with the theoretical value.
Based on the linearity and the agreement of experimental and theore-
tical slopes in the plot of T50% against ΔE5d1-CB in Fig. 26, it is suggested
that the luminescence quenching of the Ce3+-doped garnets is caused
by the thermal ionization process. In conclusion, based on the experi-
mental results, such as photoconductivity and thermoluminescence,
and the energy diagram, we conclude that the most probable quenching
process is the thermal ionization process in almost every Ce3+-doped
garnet.

4. Conclusion

In the introduction, the optical applications of Ce3+-doped garnets,
the (local) crystal structure and the general luminescent properties of
Ce3+ were summarized. In Chapter 2, the centroid shift and the crystal
field splitting of Ce3+:5d state in garnets were discussed. From the
collected all of 5d energy levels in nine garnets, it is found that the
centroid shift energy of Ce3+ ion in various garnets are different from
each other. The spectroscopic polarizability, which is correlated with
the centroid shift energy, shows a linear trend against optical basicity.
The crystal field splitting between the lowest 5d1 and the highest 5d5

(εcfs) is found to be correlated with the crystal filed splitting between
5d1 and 5d2 (Δ12). Also, it is observed that Δ12 shows a linear trend with
respect to a new disordered parameter which is defined by d83/
(d48·Rav). Based on these trends, the empirical equations were obtained
to predict the centroid shift, Δ12 and εcfs from the composition and
crystal structure data.

In Chapter 3, the quenching mechanisms of thermally activated
crossover and thermal ionization were summarized. The experimental
data of the quantum yield and the temperature dependence of photo-
luminescence intensity in Ce3+-doped rare earth aluminum gallium
garnets were introduced. Subsequently, the decrease of QY at ambient
temperature and the decrease of quenching temperature (T50%) were
reported with increasing Ga content. Based on the photocurrent ex-
citation (PCE) measurement, the electron transfer process from Ce3+ to
the conduction band was indicated directly in the series of Ce3+-doped
garnets. Another experimental method of thermoluminescence excita-
tion (TLE) spectrum and its experimental results are introduced to de-
monstrate the thermal ionization process. It was shown that the TLE
spectrum is a conventional and powerful tool to check the thermal io-
nization process. The thermal ionization process depends on the energy
gap between the 5d1 level and the bottom of the conduction band

(ΔE5d1-CB), so that the correlation between T50% and ΔE5d1-CB were in-
vestigated. The ΔE5d1-CB was estimated from the constructed vacuum
referred binding energy (VRBE) diagram which takes into account
different U(6,A) value for each garnet. The linear trend was observed in
the plot of T50% against ΔE5d1-CB in Ce3+-doped garnets, which shows
that the main luminescence quenching of all of Ce3+-doped garnets is
due to the thermal ionization.
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