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INTRODUCTION 

The discovery of new materials and subsequent optimization of their 

synthesis and envisage a prospect of their properties remains an important step 

in developing new important technologies. Materials science is well known for 

being one of the most interdisciplinary science that has led to many exciting 

discoveries, new materials and new applications. During the past years a rapid 

development of multicomponent metal-oxide ceramic materials, which are 

produced from fine-grained synthetic powders, has to a large extent 

revolutionized both concepts and technology in functional ceramics [1-5]. 

Multicomponent metal oxides exhibit a variety of outstanding physical and 

chemical properties, which include electric, magnetic, optical, mechanical, 

catalytic, and many other different functionalities. In recent years there has 

been a great deal of interest in the use of molecular species as precursors for 

the formation of multicomponent metal oxide powders with carefully 

controlled morphology and composition [6-9]. The specific luminescence, 

magnetic and electrical properties of multinary oxides are highly sensitive to 

changes in dopant composition, host stoichiometry, and processing conditions 

[10]. The sol-gel processing route is a way of manipulating molecular 

precursors to form bulk oxide materials [11]. 

Luminescence is a subject that continues to play a major technological 

role for humankind. Garnets, despite the real or potential industrial 

applications, mainly are used as phosphor materials employed in solid state 

lasers or light-emitting diodes [12-19]. Another very efficient phosphor matrix, 

listed as promising by G. Blasse [20] in 1968, is merwinite structure. While 

some optical properties have been reported of merwinites, M3MgSi2O8, but not 

much is known about the structural, magnetic and electronic properties of these 

compounds yet. Structure-property relationships have always been 

fundamentally important to materials science and engineering [21, 22]. 

In this doctoral thesis the sol-gel chemistry approach was developed to 

the mixed-metal garnets containing gallium in tetrahedral and octahedral 
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positions of garnet crystal structure. The novel compositions of M3A2Ga3O12 

(M = Gd3+, Y3+, Lu3+; A = Sc3+, Ga3+) were successfully fabricated using the 

sol-gel combustion processing. Moreover, these sol-gel derived garnets were 

doped with Fe3+, Ce3+, Ce3+/Cr3+ and Cr3+ to develop new phosphors. The 

attempts to synthesize mixed-metal silicates Ca3Mg(SiO4)2 and new 

Ba3Cu(SiO4)2 using this economical and environmentally friendly synthesis 

processing were also done in this doctoral dissertation. 

Thus, this PhD work is devoted to the development of materials with 

two different crystal structures for optical and optoelectronic applications. This 

work has two main aims: to synthesize mixed-metal gallium garnets by sol-gel 

combustion method to meet the requirement of phosphor emitting light in  

far-red region and to investigate the preparation conditions for the first time for 

mixed barium copper silicate as inert matrix for light technologies. In order to 

achieve these aims the following tasks were set: 

 To investigate the preparation conditions for mixed-metal 

M3A2Ga3O12 (M = Gd3+, Y3+, Lu3+; A = Sc3+, Ga3+) garnets by 

sol-gel combustion method. 

 To investigate the doping effects of luminescent centres (Fe3+, 

Ce3+, Ce3+/Cr3+ and Cr3+) on Gd3Ga5O12 structural and 

photoluminescent properties. 

 To investigate the preparation conditions and optical potential of 

Cr3+ doped mixed-metal garnets as new generation materials for 

light technologies. 

 To investigate Ca3Mg(SiO4)2 focusing on effective synthesis 

processing, the structural and morphological characterization. 

 To investigate the preparation conditions and optimum synthesis 

parameters for the fabrication of new Ba3Cu(SiO4)2 compound. 
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1. LITERATURE OBSERVATION 

1.1. Garnet Structure Compounds 

Garnets are a chemically diverse group of minerals that are abundant in 

the Earth’s crust and upper mantle [23]. While for many years the garnet 

structure, originally solved by G. Menzer [24], has been important to the 

mineralogist, for the physicist, chemists and material scientists the interest 

appeared much later and it is important till now. In the past the greatest 

importance to the physicist was in the existence of the ferrimagnetic 

garnets [25]. Gallium garnets, same like one of the most famous 

garnet - yttrium aluminium garnet (Y3Al5O12, YAG), have many properties that 

are desirable for a laser host matrix [26-28]. YAG is the most important solid-

state laser host material, which has been widely used in the areas of industry 

and medicine since its discovery in 1964 [27]. Besides the ideal spectroscopic 

properties and good optical properties (high-optical transparency, low-acoustic 

loss, high threshold for optical damage) of the garnets, they show also good 

mechanical properties (hardness and general stability against mechanical 

changes), low-thermal expansion, high thermal conductivity and high chemical 

stability [26, 27, 29-31]. These excellent properties mostly are dependent on 

the unique crystal structure of garnets. 

1.1.1. Crystal Structure of Garnets 

The general formula for the garnet supergroup minerals is 

{X3}[Y2](Z3)φ12, where X, Y, and Z refer to metal ions in dodecahedral, 

octahedral, and tetrahedral sites, respectively, and φ is anionic site with O, OH, 

or F [32] (see Table 1). The most of garnet structure materials belongs to the 

Ia d space group, no. 230, however two groups of natural garnet minerals, i.e. 

OH-bearing species (henritermierite and holtstamite), have tetragonal 

symmetry, space group I41/acd (no. 142) [25, 33-35]. With few exceptions, the 

natural garnets are compositionally complex multicomponent solid 

solutions [35]. 
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Table 1. A classification of the 32 approved species in the garnet supergroup [32]. 

Z 
charge 

GROUP or species 
name 

Class X Y Z φ 

0 Katoite Hydroxide Ca  Al  [] OH  
3 Cryolithionite Halide Na  Al  Li  F  
6 Yafsoanite Oxide Ca  Te  Zn  O  
8 HENRITERMIERITE Silicate    
 Holtstamite  Ca  Al  Si │  O OH  
 Henritermierite  Ca  Mn  Si │  O OH  

9 BITIKLEITE Oxide    
 Bitikleite   Ca  Sb Sn  Al  O  
 Usturite  Ca  Sb Zr  Fe  O  
 Dzhuluite  Ca  Sb Sn  Fe  O  
 Elbrusite  Ca  U . Zr .  Fe  O  

10 SCHORLOMITE Silicate    
 Kimzeyite  Ca  Zr  SiAl  O  
 Irinarassite  Ca  Sn  SiAl  O  
 Schorlomite  Ca  Ti  SiFe  O  
 Kerimasite  Ca  Zr  SiFe  O  
 Toturite  Ca  Sn  SiFe  O  

12 GARNET Silicate    
 Menzerite-(Y)  Y Ca Mg  Si  O  
 Pyrope  Mg  Al  Si  O  
 Grossular  Ca  Al  Si  O  
 Spessartine  Mn  Al  Si  O  
 Almandine  Fe  Al  Si  O  
 Eringaite  Ca  Sc  Si  O  
 Goldmanite  Ca  V  Si  O  
 Momoiite  Mn  V  Si  O  
 Knorringite  Mg  Cr  Si  O  
 Uvarovite  Ca  Cr  Si  O  
 Andradite  Ca  Fe  Si  O  
 Calderite  Mn  Fe  Si  O  
 Majorite  Mg  SiMg  Si  O  
 Morimotoite  Ca  TiFe  Si  O  

15 BERZELIITE  Vanadate, arsenate    
 Schäferite  Ca Na Mg  V  O  
 Palenzonaite  Ca Na Mn  V  O  
 Berzeliite  Ca Na Mg  As  O  
 Manganberzeliite  Ca Na Mn  As  O  

Notes: Formulas are given in the form {X3}[Y2](Z3)φ12. Group names are given in capitals. 

 

The garnet structure is remarkably flexible in a chemical sense: 58 

elements were reported in the Inorganic Crystal Structure Database in 2007. 

Moreover, in the period of 2009 – 2010, 10 new garnets, with constituents such 
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as Sc, Y, Sn, Sb, and U were approved by the Commission on New Minerals, 

Nomenclature and Classification (CNMNC) of the International Mineralogical 

Association (IMA), resulting in a nearly 50% increase in the number of 

accepted species with the garnet structure. There are four more possible 

species, bringing to 26 the number of elements essential to defining existing 

and possible mineral species with the garnet structure. In view of this situation, 

a new revised nomenclature of garnet structure minerals was approved. It is 

recommended do not subdivide of the groups into mineral subgroups or 

mineral series, discouraging the traditional division of the garnet group into the 

“pyralspite” and “ugrandite” species or series, although there could be some 

fundamental structural differences that limit solid solution between the two 

groupings [32]. The garnet supergroup includes all minerals isostructural with 

garnet regardless of what elements occupy the four atomic sites, i.e., the 

supergroup includes several chemical classes, not only silicates as it was 

before. These two statements are the most important changes in new garnet 

structure nomenclature. After revision there are 32 approved species of natural 

garnets, with an additional 5 possible species [32]. One optional grouping is 

suggested, to subdivide the supergroup into groups based on symmetry and 

total charge at the tetrahedral Z site. All 32 approved species of minerals are 

listed in Table 1 and suggested subgrouping named in capital letters [32]. In 

this case 29 species from 32 belong to one of five groups: one tetragonal 

(henritermierite, charge of Z = 8), and four isometric – bitikleite (Z = 9), 

schorlomite (Z = 10), garnet (Z = 12), and berzeliite (Z = 15). Rest three 

species are single representatives of potential groups in which total charge at Z 

is 0 (katoite), 3 (cryolithionite), and 6 (yafsoanite) [32]. 

The garnets with space group Ia d have a cubic face-centred lattice 

(point group m m) with 160 atoms [23], formed of eight formula units per unit 

cell [36, 37]. The cations are all in special positions with no positional degrees 

of freedom, while the oxygen atoms are in the general positions. More 

crystallographic data of this garnet structure symmetry are given in Table 2 

[25, 32, 33]. The same rules are applied to the rare earth garnets, also to the 
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rare earth gallium garnets. The RE3+ ions reside in an eight-coordinated site 

while 40% of the lighter host cations (like Ga, Al, Fe and etc.) are in a six-

coordinated (octahedral) site. The remaining 60% of lighter ions (possibly the 

gallium ions) lie in a four coordinated (tetrahedral) site. The six- and four-

coordinated sites are rather undistorted while the coordination around the RE3+ 

ions is much further from the ideal dodecahedron [37]. 

Table 2. Crystallographic description of garnet structure [25]. 

Point symmetry 222 3 4 1 
Space group position 24c 16a 24d 96h 
Typical ideal formula Ca  Al  Si  O  
Coordination to oxygen 8 6 4  
Type polyhedron Dodecahedron 

(distorted cube) 
octahedron tetrahedron  

 

The crystal structure visualization of Gd3Sc2Ga3O12 garnet is given in a 

Fig. 1. The unit cell is presented at the left, in orientation [0;1;0] along [h;k;l]. 

Gd3+ atoms in dodecahedron atom sites are presented as grey colour bubbles, 

Sc3+ at octahedron – blue and Ga3+ at tetrahedron are green. The smallest – red 

balls represents O atoms. The middle and right pictures nicely shows 

polyhedral dislocations of metals in one formula unit, orientations are kept 

same like in unit cell, [0;1;0]. 

 
Fig. 1. Crystal structure of Gd3Sc2Ga3O12 garnet, from left to right: unit cell; 

formula unit with Sc3+ and Ga3+ polyhedrons; formula unit with Gd3+ 

polyhedrons. Pictures are drawn with VESTA program. 

As it was mentioned, the garnet structure is extraordinary flexible in a 

chemical composition. This capacity has an influence for some 
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crystallographic parameters, like lattice constant, and of course affects their 

physical properties. The lattice constant a for all known garnets vary in the 

range of 11.91 – 13.10 Å [25]. The lattice constants of some garnets are given 

in Table 3. 

Table 3. Lattice parameters of some garnet structure compounds, Ia d space group. 

Natural garnets Synthetic garnets 
Mineral name Formula a [Å] Ref. Formula a [Å] Ref. 

Pyrope  11.4582(5) [38]  12.0062(5) [39] 
Grossular  11.8504(4) [38]  12.375(1) [40] 

Almandine  11.525(1) [41]  12.5502 [42] 
Uvarovite Cr  12.0205(5) [43]  12.3829(5) [44] 

Knorringite  11.6040 [45]  12.273(1) [40] 
Cryolithionite  12.120(4) [46]  12.18 [47] 

 

The primary importance factor for variation of parameter a is relative 

difference of ionic size of atoms in the unit cell. There are a lot of research 

done for structure refinement using experimental data, for better understanding 

site occupation preference of different metal ions in garnet structure. For 

example, the Ga3+ ions show greater preference for the tetrahedral sites in 

Y3Fe5-xGaxO12 than Al3+ ions in analogues Y3Fe5-xAlxO12 system, when 

x = 2.75. However, if x is bigger the preference of Ga3+ ions for tetrahedral 

sites may be the same as or less than that of Al3+ ions [48]. This knowledge is 

the determinant factor of modelling new garnets for certain applications, like 

luminescence. 

Already in 1962 Espinosa [49] plotted lattice parameter a of the Fe 

garnets vs the atomic number ZR of the rare-earth elements RE. A double 

festoon curve was obtained, caused by crystal field effects on the non-spherical 

RE3+ ions. Euler et al. [33] filled this dependence by adding series of Ga and 

Al garnets (Fig. 2). The obtained results showed that the scale of these effects 

is different in the Fe and Ga series. But the situation was different with the Al 

series. Apparently, the higher electron density of the latter resists the 

compression imposed by the small lattice of the Al-garnets and demands an 

additional increase of a with increasing size of RE. 
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Fig. 2. Lattice constants a of rare-earth garnets RE3M5O12 (M = Al, Ga and Fe) as 

function of the atomic numbers of the rare earths RE. Circles indicate 

measurements data. The data on the Fe series were taken from Espinosa 

(1962) with YIG fitted to the broken curve for spherical electron 

configurations of RE [33]. 

The investigations on the elastic and photoelastic properties of the 

garnet crystals carried out by Kitaeva et al. [36] give some guidelines on the 

features of the sound propagation in these crystals, the character of the force 

interaction between ions in the crystal lattice, the regularities of the photon-

phonon interaction, and how these properties are changing in the series of 

garnets. The big experimental work could be concluded be few statements 

[36]. The elastic isotropy parameter of these crystals does not differ much from 

unity and slightly changes with the increase of lattice parameter a and 

molecular weight M. The light garnets are anisotropic in their photoelastic 

properties, the heavier garnets are characterized by smaller anisotropy. The 

obtained results and given dependences provide sufficiently exact estimation of 

the mechanical, thermophysical, and photoelastic parameters of the garnets. 

The crystal field of a given ion (Dq) is another important factor for the 

optical properties caused by the influence of the host lattice. Two compounds 

with the same crystal structure and optical centre (Cr3+ ion) have different 
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colour (Cr2O3 is green and Al2O3:Cr3+ (ruby) is red). In ruby the Cr3+ ions 

occupy the smaller Al3+ site, so latter feel a stronger crystal field than in Cr2O3. 

Consequently, the optical transitions in ruby are at higher energy than in Cr2O3. 

The spectral position of certain optical transitions is determined by the strength 

of the crystal field, the transition metal ions being the most well-known and 

clear example. For latter the optically active d-electron shell is incompletely 

filled, i.e. their electron configuration is dn (0 < n < 10). The energy levels 

originating from such configurations have been calculated by Yukito Tanabe 

and Satoru Sugano [50, 51]. So called Tanabe-Sugano energy-level diagrams 

illustrate the dependence of energy levels of transition metal ions on the crystal 

field strength (the crystal field splitting parameter is 10Dq) [52, 53]. To make 

calculations possible, Giulio Racah method was employed [54, 55]. These 

adaptions for equations shortly are called Recah parameters. In addition, the 

crystal field is responsible for the splitting of certain optical transitions. When 

optical centre ion is occupying site of larger radii ion in a crystal lattice, the 

inter-atomic distances increase and the crystal field strength for it is weaker. 

By altering the ionic radii in certain cation site, it is possible to alter distance 

and thus vary the strength of the crystal field acting on the ion [52, 56-60]. For 

example, Cr3+ or Mn4+ have same electron configuration 3d3 and the emission 

can vary considerably from 600 nm to 775 nm. This remarkable variation in 

the emission energy is connected with the chemical bonding between ion and 

host lattice ligand [52]. For some structures and elements this dependency 

could be expressed like: 

  (Eq. 1) 

here R is bond distance, K is a constant and the exponent n is constant close  

to 5 [52, 59]. 

In the garnet structure materials the crystal field strength for the 

octahedral site ion could be also estimated by Tanabe and Sugano energy level 

diagrams [53, 61]. The crystal field strength (Dq) and the Racah parameter (B) 

are carefully calculated for Cr3+ ion in Y3Ga5O12, Y3(Sc,Ga)2Ga3O12, 
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Gd3Ga5O12, Gd3(Sc,Ga)2Ga3O12, and (La,Lu)5Ga3O12 garnets by following 

equations: 

  (Eq. 2) 

  (Eq. 3) 

  (Eq. 4) 

The crystal field strength equations were also done analogously for 

other structures or elements [52, 53], but in the most cases to determine the 

energy levels directly from measurements is very complicated task [61]. 

The sinterability and microstructural evolution of mixed-metal  

Y3Al5-xCrxO12 (YACRG), Y3Al5-xMnxO12 (YAMNG), Y3Al5-xNixO12 (YANIG), 

Y3Al5-xCoxO12 (YACOG), Y3Al5-xCuxO12 (YACUG) and Y3Fe5-xCoxO12 

(YICOG) (0 < x < 2.75) garnets powders, synthesized by an aqueous sol-gel 

process, were also investigated [62]. It was demonstrated for the first time that 

the formation of single-phase products proceeded only within a narrow 

substitutional range. A considerably less substitutional level was observed for 

the YACUG garnet. On the other hand, the formation of monophasic YICOG 

garnet did not proceed at the same synthesis conditions. The pure phase of 

YANIG has also not been obtained. Thus, the formation of a single-phase 

material depends on the chemical stoichiometry of the reaction system. The 

garnet phase was destructed with the increase of the introduced amount of M 

from x = 0.50 to x = 1.25 in Y3Al5-xMxO12 (M = Cr, Mn, Ni, Co), presumably 

due to the characteristic oxidation states of element M and larger ion M radius 

than ion Al3+. Interestingly, almost linear dependence determined between the 

limitary radius of garnet structure and the ionic radius of M substituent 

distributed in the tetrahedral or octahedral sites of an aluminium ion. The 

calculated limitary radius varied in the range 0.516 – 0.548 Å. The authors 

found “Protection Effect” of the garnet structure. In exceptional cases, the 

crystal lattice tried to protect itself from the destruction. However, no 

additional literature data confirming this assumption was found. For instance, 

the samarium, europium and gadolinium orthoferrites (RFeO3) were dominant 
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after heat-treatment of precursor gels at 800 °C (see Fig. 3). By increasing the 

temperature to 900 °C, SmFeO3 still remained the main crystalline phase in the 

end product. 

Rare earth iron garnets with the composition of RE3Fe5O12 (RE = Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were also fabricated by a simple and 

effective aqueous sol-gel method [9]. It was demonstrated that pure Sm3Fe5O12 

phase was obtained only after annealing the precursor gel at 1000 °C (Fig. 3). 

 
Fig. 3. XRD patterns of Sm–Fe–O gels annealed at 800, 900 and 1000 °C. The 

vertical lines represent the standard XRD pattern of Sm3Fe5O12. 

The phase purity of Tb3Fe5O12 and Dy3Fe5O12 garnets was almost 

independent on the synthesis temperature in the range of 800 – 1000 °C. 

However, the purest Ho3Fe5O12, Er3Fe5O12 and Tm3Fe5O12 garnet phases were 

obtained already at the lowest used synthesis temperature (800 °C). With the 

increasing synthesis temperature the amount of side perovskite HoFeO3, 

ErFeO3 and TmFeO3 phases also increased. Interestingly, the monophasic 

ytterbium and lutetium iron garnets (Yb3Fe5O12 and Lu3Fe5O12) were 

successfully synthesized only at 800 °C (Fig. 4) [9]. 

The monophasic neodymium-doped and neodymium and europium  

co-doped Y3-xNdxAl5O12:Eu garnets recently were synthesized at 1000 °C 

using the sol-gel chemistry approach [63]. 27Al NMR spectroscopy was used to 

investigate structural features. It was demonstrated that with increasing amount 

of neodymium the less intensive and broader peaks were observed. The 
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intensity of peaks attributable to the Al-Eu increased proportionally with 

increasing the doping level of europium. 

 
Fig. 4. XRD patterns of Yb–Fe–O (A) and Lu–Fe–O (B) gels annealed at 800, 900 

and 1000 °C. The vertical lines represent the standard XRD patterns of 

Yb3Fe5O12 and Lu3Fe5O12, respectively. 

1.1.2. Main Application 

The garnet family is important in geophysics and planetary science 

since the garnet is one of the major constituent minerals of the upper mantle 

and of the transition zone in the earth. But the technological importance of the 

naturally occurring garnets has been limited to that of mild abrasives. The 

garnet paper, limited used to smooth wood, because there are better abrasives 

for this application. Some silicate garnets are semi-precious and are used in 

jewellery [25]. Attention to the Y3Fe5O12 (YIG) was increased due to its 

ferrimagnetic properties [64]. Rare earth iron garnets (REIG) were found to be 

ferrimagnetic with compensation temperatures, ferromagnetic resonance, 

linewidths and giant anisotropy peaks. Their unambiguous chemical 

constitutions in the same crystal structure host facilitated the theoretical 

interpretation of basic magnetic processes. Furthermore, garnets achieved even 

greater prominence as in its present role as the leading magnetic bubble 

domain device material for integrated circuit memory and charged coupled 

devices, as the next generation of computer memory technology. With the 

discovery of a uniaxial anisotropy in the rare earth iron garnets the need for 

A) B) 
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thin films of these materials also increased. For that reason the Gd3Ga5O12 

(GGG) was used as a substrate material for YIG [64-67]. 

YIG has interesting Faraday rotation properties. Faraday isolators (FIs) 

are fundamental components used in advanced optical communications 

systems to prevent harmful back-reflections and to eliminate parasitic 

oscillations in amplifier systems or frequency instabilities in laser diodes. YIG 

and Bi doped YIG materials with high transparency in the infrared regions 

were employed and characterized by a very large Verdet constant. Recently, 

the quantum based super exchange interaction between Tb3+ and other 

paramagnetic RE3+ ions can occur, greatly enhancing the Faraday effect has 

been determined. The RE3+ doped terbium gallium garnet (Tb3Ga5O12, TGG) 

single crystals with high concentration of efficient paramagnetic RE3+ ions 

showed excellent magneto-optical properties in UV-VIS region giving the 

huge possibility to reduce the intensity of the necessary magnetic fields. TGG 

large size single crystal has more favourable growth characteristics and high 

transmittance and is a promising magneto-optical material for high-power FIs 

applications [68, 69]. 

Demands of high quality laser crystals spurred extensive studies of 

YAG, which soon became the most important scintillating material. Thus, the 

synthetic garnets have become a rich field for both scientific and technological 

exploration. The discovery and development of new phosphors, Light Emitting 

Diodes (LED) phosphors, significantly increased attention to the garnet 

structure materials. The main yellow phosphor used in pcLEDs, Y3Al5O12:Ce3+ 

(YAG:Ce), was reported in 1967 with its primary use in cathode-ray tubes. 

Thus, the garnet crystals and polycrystalline bulk materials activated with RE3+ 

ions show very interesting applications in the field of optical materials, such as 

scintillators for detection of high energy radiation, white LED lighting, 

classical and quantum information processing and fluorescence thermometry. 

The scientific literature still abounds with papers on various studies of the 

garnets and wide range of their luminescent properties [25, 36, 67, 70-72]. 
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The wide scale of material forms used in various industrial applications 

includes polycrystalline samples, ceramics, single crystals and thin/thick films 

[73-76]. The availability of garnets with excellent quality and the demand for 

garnet materials have accelerated and expanded their production. New and 

innovative preparation methods are being developed to fabricate better quality 

garnets. 

1.1.3. Synthesis Methods of Garnets 

Physical state of materials implies their possible applications. In this 

section of dissertation the short review of possible and most popular synthesis 

methods for bulk, monocrystalline and thin film garnets is presented. There are 

thousands of articles about their synthesis, here reference is given to the most 

detailed articles on the synthesis pathways. 

1.1.3.1. Bulk 

The most widely used synthesis method for garnet powders is solid-state 

reaction route. Usually metal oxides or carbonates are used as starting 

materials. The correct amounts of precursor powder are thoroughly mixed 

either in the mortar or using ball mill with some acetone or alcohol. The 

samples might be pressed in to pellets and should undergo repeated heat 

treatments at high temperatures (1250 – 1650 °C) with intermediate grindings 

[77-79]. Jian Xu et al. [80] and [81] improved the traditional solid-state 

synthesis by applying vacuum during the heating procedure obtaining the 

transparent ceramics of garnets. The correct sintering temperature is the most 

important parameter of solid-state reaction synthesis method. The disadvantage 

lies, however, in the contamination of the end products due to incomplete 

phase formation [64]. The solid-state reaction method does not allow getting 

nano-sized powders as a product. 

As opposed to high temperature solid-state synthesis the first paper of 

the sol-gel synthesis of YAG was published in 1986 [72]. All synthesis from 

solutions have general advantages: perfect homogeneity of product, lover 
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sintering temperatures and possibility to obtain nano-sized particles [72]. The 

YAG:Ho3+/Yb3+ nano-crystalline sample prepared by the co-precipitation 

method showed interesting up-conversion properties [72]. In the  

co-precipitation method, the mixed cations are precipitated out of solution by 

suitable agents - precipitant (usually hydroxides, NH4HCO3 or NH3 aqueous 

solution) [64, 72]. The starting reagents, metal oxides, are separately dissolved 

in a HNO3 and the resulting solutions are mixed and stirred at room 

temperature. The obtained solution under vigorous stirring is added dropwise 

in to precipitant solution or the other way round, both way it is advised to keep 

constant pH = 10. The co-precipitates are filtered under vacuum, washed 

several times and then oven dried. The product powders are obtained after heat 

treatment at 500 – 900 °C. In some cases, the heating is repeated with 

intermediate grinding or ball milling procedures. The disadvantages of this 

method are the limits placed on the types of cations, the difficulty and 

inefficiency of the filtration process [64, 82-84]. 

The sol-gel technique is other method suitable for the synthesis of  

nano-scaled garnets. The sol-gel method offers the advantage of high purity, 

uniformity and low temperature processing [67, 85]. By Pechini method the 

stoichiometric amount of metal chlorides, acetates or nitrates for the 

corresponding garnet composition have to be dissolved in water and mixed 

with suitable quantities of citric acid and ethylene glycol [72, 85, 86] or PEG 

[82]. In the citrate sol-gel process metal nitrates and citric acid is added with a 

molar ratio of 1:2 [67, 87]. As a complexing agent the ethylene glycol [71], 

glycerol or some suitable combinations of them could be used [88]. When all 

components are mixed, the obtained system are stirred for several hours and 

concentrated by slow evaporation at 70 – 90 °C to form gels. The gels are dried 

for 12 – 72 h at 90 – 130 °C. Then the amorphous gel samples are heated at 

700 – 1200 °C for 6 – 16 h. In some synthesis the preheating is applied (500 –

 800 °C) in order to remove the residual nitrates and organic compounds before 

the final annealing. The sol-gel processing parameters, such as pH of starting 

solution, concentration and nature of complexing ligand, temperature and 
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duration of gelation, powder re-homogenization during annealing, duration and 

temperature of the final heat treatment were found to be the most significant. 

These parameters are very much responsible for the crystallinity, crystal shape, 

crystal size, crystal size distribution and phase purity of the resulting powders 

[6, 67, 71, 72, 82, 85, 87, 88]. 

The sol-gel combustion synthesis process follows the same path like 

previously described sol-gel synthesis route, except one intrinsic aspect – 

auto/self-initiated combustion process, the exothermic reaction between the 

metal nitrates (oxidizer), used as precursors, and an organic fuel. The 

complexing agents like citric acid, glycine, carbohydrazide and 

tris(hydroxymethyl)–aminomethane could play like a fuel at the same time [72, 

89-92] or used together with additional fuels, e.g. ethylenediamine or urea [72, 

89, 91], mixture of urea and glycine [18]. After evaporation of solvent auto 

combustion is initiated variously: heated with a Bunsen flame [89], dried gel 

placed in an preheated oven for a few minutes [90, 91] or raised temperature of 

hot-plate [92]. After self-combustion very porous fluffy powders remain and 

after last heating garnets are obtained [89-92]. The use of fuel mixtures 

facilitated the direct formation of phase pure nano-sized (50 – 90 nm) spherical 

particles of Gd3Ga5O12 [91]. The near-infrared to visible up-conversion in 

nano-crystalline Gd3Ga5O12 doped with Er3+ ions and synthesized at 500 °C 

was obtained [89]. 

Eu3+-doped holmium aluminium garnet (Ho3Al5O12, HoAG) has been 

synthesized by solvothermal method [93]. Solvothermally synthesized 

HoAG:Eu3+ garnet samples were monophasic compounds (see Fig. 5). 

Apparently, europium does not affect the formation of garnet structure up to 

concentration of 5%. No any new peaks or/and any shifted peaks have been 

determined in the XRD patterns of differently Eu3+-doped holmium aluminium 

garnets. 

The powders can be used as starting materials for single crystal growth 

or for synthesis of polycrystalline transparent ceramics. The technologies that 

offer distinct technical advantages and also minimize toxicity in conventional 
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syntheses are the most likely to be adapted in the demanding fabrication 

schemes. An aqueous sol-gel technique may provide both of these advantages. 

As a result, an aqueous sol-gel process is likely to continue attracting the 

attention of chemists interested in the designing advanced functional 

nanomaterials [6]. 
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Fig. 5. XRD patterns of HoAG samples doped with different amount of europium 

ions and synthesized by solvothermal method at 220 °C for 20 h. 

1.1.3.2. Monocrystals 

For the growth of single crystal garnets, the Czochralski (Cz) method is 

the most popular. High-purity oxides are mixed according to the designed 

garnet stoichiometric formula. As was mentioned, the bulk polycrystalline 

garnet materials could be applied as starting materials for single crystal growth. 

After the polycrystalline materials are melted and when the melt is 

homogeneous an appropriate crystal seed, fixed in chosen [h;k;l] orientation, is 

dipped into the melt. This seed is slowly pulled up initiates the single crystal 

formation. The pulling and the rotation rates, temperatures of the melt and in 

the chamber, gas atmosphere have to be optimized and controlled accurately in 

order to avoid crystal imperfections such as strain, second phase precipitates 

and voids. The Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu gallium 

garnet crystals were synthesized by Cz method [64, 65, 94, 95]. In addition, to 

the rare earth gallium garnets, solid solution single crystals of Gd3Ga5O12-

Dy3Ga5O12, Sm3Ga5O12-Nd3Ga5O12 and Sm3Ga5O12-Gd3Ga5O12 have been also 
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grown [65]. The obtained distribution coefficients were close to one and only 

very small variations in the lattice parameter were observed. An Nd3+ doped 

calcium tantalum gallium garnet (CTGG) single crystal was grown by the Cz 

method with very broad fluorescence bands that might be employed in tunable 

and ultra-short-pulse lasers [96]. Highly transparent pure Tb3Ga5O12 (TGG) 

single crystals and doped with Tm3+, Dy3+, Er3+and Ce3+ were effective 

Faraday isolators [68, 69, 97, 98]. 

The Czochraski method using an iridium crucible for the garnets 

crystals shows shortcomings, like oxidation of iridium crucible in oxygen 

atmosphere (melt’s pollution) and problematic composition control 

(volatilization of Ga2O3 at high temperature). Around half a century ago 

Optical Floating Zone (OFZ) growth technique (the Traveling Solvent Floating 

Zone Method) has been suggested. The TGG single crystal also was grown by 

the OFZ growth technique [99]. The OFZ method compared with the Cz 

method covers the following advantages: higher growth rate, no need for a 

crucible and growth in a high oxygen atmosphere [100]. For the crystal growth 

by OFZ method the same precursors could be used. The feed and seed rods are 

prepared by hydrostatically pressed powder placed in a rubber pipe. The 

obtained rods were sintered at high-temperature (1300 – 1500 °C) for 10 –

 20 h. The OFZ furnace for the crystal growth might be equipped with two or 

four lamps (Halogen or Xenon). The careful control and finely adjust lamp 

power is very important. Moreover, in order to obtain a high quality crystal the 

growth rate, atmosphere (gas composition and flow rate), rotation rates of the 

feed and seed rods should be also carefully controlled. The crystals after the 

growth are annealed in order to eliminate thermal stress formed during the 

growth process [16, 99, 100]. The neodymium-doped gadolinium scandium 

gallium garnet (Nd:GSGG) crystal was recently grown by this comparatively 

new method. The excellent optical quality Nd:GSGG crystal has been 

demonstrated [100]. The single phase europium-doped YAG and YGG crystals 

were grown as well [16]. The obtained crystals showed the luminescence 

properties which are of interest for challenging biomedical application. 
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The vertical Bridgman (VB) method is one more crystal growth method 

for the garnets. The sintered mixture is charged into a large conical shape Pt 

crucible. The crucible has bottom with the long tail (much thinner than crucible 

diameter) were crystal seed is placed. The growth experiments are carried out 

in a vertical Bridgman furnace with three resistance-heating zones. This 

technique requires stable and suitable temperature gradient control and 

optimized pulling down rate. The transparent calcium lithium niobium gallium 

garnet crystals with the size of 25 mm in diameter and 70 mm in length were 

grown by Xu et al. [101]. The Cr-doped (GdxY1-x)3Ga5O12 crystals were grown 

by Kurosawa et al. [102]. 

All described crystal growth methods could be used to grow large 

(centimetres scale) crystals. The flux grow method could be used to obtain 

only small crystals [77]. The flux growth method uses molten inorganic 

compounds solvents, the fluxes might be PbO, PbO-PbF2, PbO-B2O3, BaO-

B2O3, PbO-PbF2-B2O3, PbO-Bi2O3, Bi2O3-V2O5 and other [64, 77]. The 

advantages of the flux growth method include the rapid rates of crystallization 

for a solvent-solute system, the large number of suitable inorganic solvents and 

its special ability to grow incongruently melting crystals. The biggest 

disadvantage is the introduction of impurities from the solvents. The flux 

growth method is the only reliable method used for incongruently melting iron 

garnet crystals growth [64]. The attention has to be put on the flux choice, 

temperature of melting, soaking time and cooling rate. Interestingly, rather 

large crystals of YAG and REAG (each crystal ~ 60 g) with optical quality 

were grown with PbO-PbF2-B2O3 [64]. 

1.1.3.3. Thin Films 

The development of micro-imaging technique strongly demands 

creation of the new scintillating single crystalline film screens based on the 

different oxide compounds (garnets, perovskites, orthosilicates) with high 

absorption ability of X-rays which can effectively emit in the visible or 

ultraviolet (UV) range. Therefore, the preparation of thin films using different 
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synthesis techniques is very important task as well [103, 104]. Co2+:GGG 

epitaxial films have been grown with high structural perfection and good 

optical quality from super-cooled high temperature solution [103]. The  

Lu3Al5-xGaxO12:Pr single crystalline films were grown by the same technique 

possessing good optical and structural quality [104]. 

Thin polycrystalline garnet films can be prepared on different substrates 

through heat treatment amorphous mixtures of the appropriate metal ions via 

Radio Frequency Sputtering (RFS), Chemical Vapour Deposition (CVD),  

Sol-Gel spin (SGSS) or dip (SGSD) coating techniques. The two sputtering 

techniques, radio frequency diode and magnetron sputtering, from ceramic 

targets of the constituent oxides, produce the dense amorphous mixtures with 

compositions and microstructures dependent on the target composition, the 

sputtering rates of the target constituents and the sputtering parameters. The 

magnetron sputtering is more widely employed for the higher deposition rates 

for the films with different composition. RFS deposition in combination with 

in-situ crystallization allows obtaining compositions which are difficult to 

obtain by other techniques, but places strict requirements on process control 

and target fabrication. The conditions during the annealing stage largely 

implies the grain size and distribution and the microstructure of obtained films 

[105]. Cr3+-doped YGG thin films (ranged in thickness from 1 μm to 1.3 μm) 

were sputtered onto YAG substrates (single crystal) by Yamaga et al. [106]. 

The solution-based sol-gel method is one of the most important 

techniques for the synthesis of various functional materials. The solutions are 

typically spin coated or dip coated onto the substrates; the solvent evaporated 

and the solute decomposed by a heat treatment in air leaving the amorphous 

oxides. The spin coating/pyrolysis can be repeated until the desired thickness is 

reached, and then the film is fired to form the garnet phase. The shelf life and 

stability of the organic solutions is typically better than that of the inorganic 

solutions. The proper solution rheology for spin coating, the solubility of the 

solute system and the time and temperature of the decomposition are critical to 

obtaining high quality films [105]. The thin films of Gd3(1-x)Ln3xGa5O12 doped 
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with Eu3+, Tb3+ and Er3+ were prepared by a Pechini sol-gel process by dip 

coating technique on a silica glass substrates. The rare earth ions Eu3+, Tb3+ 

and Er3+ show their characteristic orange (5D0–7F1), green (5D4–7F5) and green 

(4S3/2–4I15/2) emissions in the crystalline GGG films [107]. 

The successful preparation of polycrystalline thin film composed of a 

single phase of Bi3Fe5O12 on a fused silica (amorphous SiO2) substrate by 

using the CVD method was also recently developed [108]. Yttrium aluminium 

garnet thin films deposited on silicon substrates were prepared by an aqueous 

sol-gel route using metal nitrates [109]. 

1.1.4. Luminescence Properties of Garnets 

The best known garnet is Y3Al5O12 (YAG), which is widely studied and 

used as host lattice for the laser materials. However, the gadolinium gallium 

garnet Gd3Ga5O12 (GGG) possesses several advantages over the YAG single 

crystals as its melting temperature is lower, growth rate is faster, and it is 

possible to obtain crystals with large dimensions, high optical quality and 

higher concentration of activator ions. Also, GGG has a higher refraction index 

than YAG, which is beneficial for radiative transitions in RE3+ ions. 

Consequently, the GGG is also very important garnet for magneto-optic 

applications. The garnets as hosts for luminescent dopants are characterized by 

many favourable chemical and physical properties, such as stability, relatively 

easy preparation, low vibrational frequencies and good thermal conductivity 

[72, 89, 96, 100, 107]. 

The emission spectra of Y3Ga5O12 (YGG) nano-powders doped with 

Dy3+ upon excitation at 448 nm showed two bands centred at 485 (blue) and 

585 nm (yellow) which corresponds to the 4F9/2→6H15/2 and 4F9/2→6H13/2 

transitions of Dy3+ ion. Integrated yellow to blue (Y/B) emission intensity was 

found to be increased with increasing the Ga content in the Y3Al5-xGaxO12 

(YAGG) host [110]. By partially replacing Ga3+ by Sc3+ in GGG, a new class 

of garnets (Gd3Sc2Ga3O12, GSGG) was formed. It has been demonstrated that 

the Nd3+ distribution coefficient in GSGG is higher than in the Nd:GGG, which 
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suggests that the existence of Sc3+ is favourable for higher Nd3+ doping 

concentration and better optical quality. Additionally, it has been confirmed 

that GSGG exhibits better radiation resistance than YAG when exposed to 

ionizing radiation. This means that it has potential applications in a hostile 

environment. Recently, many rare-earths (such as Nd3+, Yb3+ and Er3+) doped 

crystals with garnet structure containing scandium (Y3Sc2Al3O12, Y3Sc2Ga3O12, 

Lu3Sc2Ga3O12) have been studied extensively as laser host materials [100]. 

The first report on frequency up-conversion in nano-crystalline garnet 

materials was published by Vetrone et al. [89]. The nano-sized GGG doped 

with Er3+ was prepared by solution combustion synthesis approach. The 

samples upon excitation at 488 nm showed strong room temperature emission 

in the green, red and IR spectral regions, and upon IR excitation at 800 nm 

showed efficient anti-Stokes up-conversion emission peaking in the green 

region around 560 nm. The up-conversion phenomena were reported in nano-

crystalline Er3+ [89] or Ho3+ ions [72] doped GGG, and Er3+ [87], Ho3+/Yb3+ 

[87] or Tm3+/Er3+/Yb3+ [72] ions doped Lu3Ga5O12 (LuGG) powders. Laser 

infrared excitation at 980 nm can also be used to generate white light emission 

in nano-crystalline garnet based materials [72]. 

The Cr-doped (GdxY1-x)3Ga5O12 crystals as alternative candidates for 

red/infrared scintillator applications were discussed in [102]. The infrared light 

scintillators might be used in medicine as the real-time radiation dosimeters 

applied in medical together with irradiation treatment. Accurate control of 

intensity of the treatment is desired to reduce or avoid unwanted side effects. 

Due to the many practical applications, the 3d3 ions (e.g. Cr3+, V2+, Mn4+) in 

octahedral crystal fields have the orbit singlet 4A2g as the electronic ground 

state. In weak crystal fields, , an orbital triplet, 4T2g, formed from 

the  configuration is the lowest lying excited state. Since the eg orbital 

points towards the nearby ligand ions, the 4T2g state is strongly coupled to 

lattice vibrations and the 4T2g → 4A2g transition emits in a broad band which is 

Stokes-shifted into the near infra-red region from the corresponding absorption 

band. In strong crystal fields, , the 2Eg level, formed from the t3
2g 
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configuration, lies lower than the 4T2g level. Since 2Eg is weakly coupled to the 

phonon spectrum of the crystal the 2Eg → 4A2g emission occurs mainly in the 

sharp zero-phonon R-lines and the associated vibronic sidebands [106, 111]. 

A. Katelnikovas et al. in 2011 demonstrated that the sol-gel preparation 

of garnet type Y3-xLuxAl3MgSiO12 powders garnets, in which Al3+–Al3+ pair 

was replaced by Mg2+–Si4+ pair. Single phase target materials were obtained 

just after sintering the precursor powders at 1600 °C. It was shown that 

sintered powders do not absorb radiation above 320 nm (Fig. 6) [112]. 

 
Fig. 6. Reflection spectra of Y3Al3MgSiO12 powders as a function of sintering 

temperature. 

Therefore, these materials doped with rare earths or other optically 

active ions were suggested as the potential candidates for solid state lasers, 

phosphors, and scintillators. Indeed, Ce3+-doped Y3-xLuxAl3MgSiO12 samples 

synthesized by an aqueous sol-gel method possessed red-shifted emission in 

comparison with commercial YAG:Ce phosphors, enabling to obtain warmer 

white LED light sources [113]. 

It was also demonstrated that garnets are suitable host lattices for 

investigating the impact of crystal field strength, disorder and covalent 

interaction on the luminescence of an incorporated luminescent centre, as for 

instance Pr3+ [114]. It turned out that changing the composition of the garnets 

Lu3(Ga,Al)5O12 and (Y,Lu)3(Al,Mg,Si)5O12 was a powerful tool to govern the 

energy flow from the primarily excited state of the [Xe]4f2 or [Xe]4f15d1 
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configuration to lower energy levels of the [Xe]4f2 configuration. Therefore, 

the luminescence spectra of Pr3+ doped garnets were adjusted by tuning the 

host lattice to yield solely UV band emission, visible line emission, or both. 

Later it was shown that the luminescent materials with the nominal 

chemical composition of CaLu2Al4SiO12:Ce3+ are efficient colour converters 

for inorganic light emitting diodes [12]. Their emission band position is blue 

shifted in comparison to Lu3Al5O12:Ce3+. Besides, the emission properties are 

very sensitive to variations of the Ce3+ concentration. With increasing Ce3+ 

concentration from 0.1 to 3.0 mol% the emission maximum shifts from 520 to 

542 nm (see Fig. 7). This is probably caused by re-absorption process (an 

emitted photon is again absorbed by activator due to overlapping absorption 

and emission bands). 

 
Fig. 7. Excitation (a) and emission (b) spectra of CaLu2Al4SiO12:Ce3+ powders 

sintered at 1400 oC as a function of Ce3+ concentration. 

The CaY2Al4SiO12:Ce3+ phosphors were found to be efficient colour 

converters for solid state light sources. The emission band of these Ce3+ doped 

garnets was also blue-shifted in comparison to YAG:Ce [15]. 

A series of single phase samples of europium comprising YAG–YGG, 

LuAG–LuGG, YGG–GGG garnets were prepared and characterized [115]. It 

was demonstrated that under 160 nm excitation the 5D0-7F4 transitions were 

dominant (680 – 720 nm wavelength range). It turned out that the intensity 

ratio 5D0-7F4/5D0-7FJ clearly depends on the chemical composition of the host 
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matrix. An increase of the average electronegativity (EN) of the trivalent 

cations, which means a decreasing optical basicity, in the octahedral and 

tetrahedral sites in the garnet structure caused an increase of the intensity ratio. 

Therefore, the emission of the 5D0–7F4 transitions increased with the decrease 

of electronegativity as it is demonstrated in Fig. 8. 

 
Fig. 8. The ratio of 5D0-7F4/5D0-7FJ as a function of the average EN values of all 

cations in the host matrix. 

Therefore, in order to improve the lumen equivalent of given phosphors, 

the optical basicity of the compound should be increased by using dopants or 

solid solutions. The opposite effect thus can be achieved by decreasing the 

average electronegativity of the cations. 

The efficient far-red phosphors are desired for artificial lighting in 

greenhouses for plant cultivation, which is an important technology since it 

enables to grow plants during any time of a year at any latitude [116, 117]. 

1.2. M3MgSi2O8 Compounds 

M3MgSi2O8 (M = Ba, Sr and Ca) compounds have attracted attention of 

scientists as promising host materials for Eu2+-doped blue phosphors. The 

improvement of intensity and chromaticity has been investigated by deeper 

analysis and understanding of emission mechanism [118]. The first known and 

the most famous member of this group is merwinite, Ca3MgSi2O8, described by 

Larsen and Foshag in 1921. As an important and persistent phase in 
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petrological systems it was crucial to mantle and crustal chemistry and to the 

cement and blast furnace industries [119]. After G. Blasse et al. [20] listed 

M3MgSi2O8 compounds as very efficient host materials for the Eu2+ ions under 

UV excitation, the studies of M3MgSi2O8 mainly been focussed on their 

luminesce properties. Despite the great importance of merwinite and the many 

articles on the subject, the crystal structure of these compounds were indexed 

and published with some mistakes much later, which were recently solved 

[118, 120-123]. As the luminescence properties of Eu2+ are highly sensitive to 

its local environment, the establishment of M3MgSi2O8 correct crystal 

structures is essential [124]. 

1.2.1. Crystal Structures of M3MgSi2O8 Compounds 

Despite numerous studies on crystal structures of materials with a 

chemical formula M3MgSi2O8, including merwinite, there are erroneous in 

various details published up to date. Larsen and Foshag were first described 

merwinite, Ca3Mg(SiO4)2, in 1921, as a major component of a high grade 

metamorphic contact rock from the famous quarries at Crestmore, near 

Riverside, California. Notwithstanding the great attention to merwinite type 

materials P. B. Moore and T. Araki correctly indexed crystal structure just on 

1972 [119]. The merwinite, with unit formula Ca3MgSi2O8 belongs to 

monoclinic crystal system, which has space group - P21/c (no. = 14) (Fig. 9). 

Crystal cell parameters a, b and c are respectively 9.328 Å, 5.293 Å and 

13.254 Å, α = γ = 90° and β = 91.9°. 

The atomic arrangement possesses a substructure of pseudo-hexagonal 

character, whose axes are parallel to [010], [011], and [01 ]. Crystals are often 

highly distorted with frequent prismatic development along [011] or [01 ]. The 

atomic structure is an extreme example of dense-packing, where both O2- and 

Ca2+ ions comprise the dense-packed layers. The [MgO6] octahedra are linked 

at every corner by [SiO4] tetrahedra, defining a "pinwheel" of m, point 

pseudosymmetry. These polyhedra share only corners with each other so that 

the violent cation-cation repulsion effects are minimized. Most exciting is 
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Nature's way of increasing coordination number of cations without sacrificing 

crystallographic dense-packing. In merwinite, this is achieved by mixing of 

cations and anions in the dense packed layers. Structures of this kind tend to 

appear in abundance at high pressures [119]. A Fig. 9 presents merwinite’s, 

Ca3MgSi2O8, crystal structure, where O2- ions are red balls, Si4+ - blue, Mg2+ - 

orange and Ca2+ ions in dislocations Ca(I), Ca(II) and Ca(III) - cyan, purple 

and wine respectively. 

 
Fig. 9. Crystal structure of merwinite, Ca3MgSi2O8, unit cells are oriented same. 

Polyhedrons of Ca2+ at Ca(I) dislocation (interlayer) presented in the centre 

picture and right picture presents Mg2+ octahedrons and Si4+ tetrahedrons. 

Pictures are drawn with VESTA program. 

The geometrically idealized merwinite arrangement includes Ca(I) in 

12-coordination by O2- anions (A-site) defining a polyhedron with point 

pseudo-symmetry m, Ca(II) and Ca(III) each in l0-coordination (B-site) 

whose polyhedra have point pseudo-symmetry 3m. All prismatic crystals 

rotated about the prism axis revealed a triclinic "pseudo-orthohexagonal" 

geometry. This prism axis corresponds to either the [011] or the [01 ] 

directions of the true merwinite cell. Its idealized arrangement is the glaserite 

type structure [119]. 

As promising host materials for transition-metal activated phosphors 

M3MgSi2O8 (M: Ba2+, Sr2+ and Ca2+) orthosilicates have attracted much 

attention. After T. L. Barry [125, 126] and G. Blasse et al. [20] in 1968 

reported great luminescence properties of this type phosphors, especially Eu2+-
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doped Ba3MgSi2O8, studies increased extensively [118, 122, 127]. For a long 

time (over 40 years) the emission properties were discussed on the assumption 

that all M3MgSi2O8 compounds had merwinite type (Ca3MgSi2O8) structure 

with monoclinic symmetry [125, 128-134]. However, a variation of the crystal 

structure appears by the change of M2+ ions in the compounds. In addition, just 

very recently crystal structures of all variations (Ca2+/Sr2+/Ba2+)3Mg(SiO4)2 

were correctly indexed and published [118, 120, 122-124, 135]. The space 

group of M3MgSi2O8 changes depending on the average size of cations at  

A-site (like Ca(I) in merwinite). Also it has been reported that B-site cations 

(in merwinite Ca(II) and Ca(III)) also cause layer deformation associated with 

SiO4 twisting around threefold rotation axis [122-124], see Fig. 10. In a Table 

4 there are summarized space groups and cell parameters of M3MgSi2O8 

(M2+ = Ca2+/Sr2+/Ba2+) compounds corresponding to the change of M2+ cations. 

Table 4. M3MgSi2O8 (M2+ = Ca2+/Sr2+/Ba2+) compounds space groups and cell 

parameters. 

M  x = 
Space 

group (no.) 
Cell parameters 

Ref. 
a (Å) b (Å) c (Å) β (°) V (Å3) 

Ca3  
P21/c 
(14) 

13.254(21);
13.296(3) 

5.293(9); 
5.308(12) 

9.328(17); 
9.346(2) 

91.90(15); 
92.047(14) 

659.3(3) 
[118, 
119] 

Ca3-xSrx 1 
A2 
(5) 

13.415(2) 5.349(10) 9.345(17) 90.00668(9) 679.6(2) [118] 

Sr3  
C2 
(5) 

9.449(3) 5.453(1) 13.871(4) 90.153(2) 714.9(3) [123] 

Ca3-xBax 1 P3 
(147) 

5.4265(7); 
5.42708(5) 

- 
6.79455(7);
6.8005(6) 

- 
173.310(4);
173.42(3) 

[122, 
124] 

Ba3  P3 
(147) 

9.7180(7) - 7.2715(4) - 594.72(7) 
[123, 
135] 

B
a 3

-x
Sr

x 

0.5 ≤ x P3 
(147) 

9.7180(7) - 
9.666(2) 

- 
7.2715(4) - 
7.2076(9) 

- 
594.72(7) - 

583.2(2) 
[118, 
122, 
123] 

0.5 < x 
< 2.5 

P3m1 
(164) 

5.573(1) - 
5.4840(8) 

- 
7.1909(9) - 
6.9806(8) 

- 
193.46(5) - 
181.81(4) 

2.5 ≤ x 
C2 
(5) 

9.485(1) - 
9.449(3) 

5.4765(6) -
5.453(1) 

13.931(1) - 
13.871(4) 

90.011(6) - 
90.153(2) 

723.7(1) - 
714.9(3) 

B
aC

a 2
-x

S
r x

 

0 ≤ x < 
1 

P3 
(147) 

5.4265(1) - 
5.4585(9) 

- 
6.8005(6) -
6.8972(8) 

- 
173.42(3) - 
177.97(5) [118, 

121, 
122] 1 ≤ x ≤ 

2 
P3m1 
(164) 

5.4585(9) - 
5.4942(6) 

- 
6.8972(8) - 
7.0115(6) 

- 
177.97(5) - 
183.29(3) 
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Fig. 10. Structural views of Ca3MgSi2O8 (space group (s. g.) P21/c), Sr3MgSi2O8 

(s. g. C2), BaCa2MgSi2O8 (s.g. P ) and BaCaSrMgSi2O8 (s.g. P m1). The 

solid line frames indicate the unit cells of each structure. Pictures are drawn 

with VESTA program. 
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Depending on the molar ratio of Ba2+, Sr2+ and Ca2+ in M2+ of the 

M3MgSi2O8 several crystal structures (monoclinic P21/c, C2 and trigonal P , 

P m1) are confirmed by referees given at Table 4. Theses crystal structures 

were successfully refined using glaserite-type structure models, nevertheless 

classical XRD Rietveld refinement method was not accurate enough, so was 

combined with neutron diffraction and Raman spectroscopy [120, 123, 124]. 

All these structures belong to glaserite-type and have layered structures (Fig. 

10). The structural pictures placed one next to another, however, highlights 

some differences. Here orange octahedrons present [MgO6] and blue 

tetrahedrons – [SiO4], cyan, purple and wine circles represents M2+ cations. 

There are two distinct crystallographic sites for alkali earth metal atoms, 

the interlayer site (A-site, cyan atoms in Fig. 10) sandwiched in between two 

triangular faces of MgO6 octahedra and the layer-embedded site (B-site, purple 

and wine circles in Fig. 10) surrounded by three MgO6 octahedra and four SiO4 

tetrahedra [127]. They create a SiO4 tilting caused by size mismatch between 

alkali-earth cations and their site spaces. The A-site is preferentially occupied 

by Ba2+ ion while B-site by Sr2+/Ca2+ ions. The substitution of Sr leads to the 

average-size enlargement of B-site cations and causes layer deformation, 

consequently crystal structure changes not directly to P , but through P m1 

[122]. As an important aspect is that for the limiting case of Sr2+ cation 

(Sr3MgSi2O8), structure model C2 refinement’s parameter Rwp is still large and 

considering the Raman spectra, Sr3MgSi2O8 may have a lower-symmetry 

structure [123]. 

Hence, M3MgSi2O8 compounds were revised several times already, but 

still some corrections may appear in the future. Since these compounds are 

widely used as phosphors the precise structure analyses are required in order to 

understand the spectroscopic character of luminescent centres, which are 

strongly affected by the crystal-field strength and site symmetry [123, 136]. 
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1.2.2. Main and Possible Application 

The fluorescence of Eu2+-activated binary and ternary silicates has been 

studied for years, because alkaline earth silicates are appropriate luminescent 

hosts with stable crystal structure, high physical and chemical stability [128]. 

Consequently, silicates are very suitable for the solid-state lighting (SSL). 

They find application in fluorescent lamps, cathode ray tubes, plasma displays 

and as scintillators. M3MgSi2O8 (M: Ba, Sr, Ca) phosphors have been 

established basically as host materials for Eu2+-activated blue-emitting 

phosphors [137]. 

The Eu2+-activated M3MgSi2O8 (M: Ba, Sr, Ca) were marked from the 

list of other silicates as most efficient blue phosphor by G. Blasse and  

co-workers [20, 138]. Their studies on the photoluminescence (PL) properties 

of these compounds leaded to the hypothesis that a systematic decrease of peak 

emission wavelength depending on the M cation size. In the same year 

T. L. Barry published [125, 126] on mixtures of Eu2+-activated Ba3MgSi2O8, 

Sr3MgSi2O8 and Ca3MgSi2O8, that Ba3MgSi2O8 has the highest PL emission 

intensity and shortest emission wavelength (437 nm) and Ca3MgSi2O8 - the 

lowest intensity and longest peak emission wavelength (475 nm), Sr3MgSi2O8 

falling in between those two (458 nm). T. L. Barry outlined an interesting 

potential application at that time that these phosphors co-activated with 

manganese might be used for plant cultivation lighting. Such phosphors 

produce two distinct emission bands, which conform fairly well to the action 

spectra of chlorophyll synthesis and photosynthesis. Either T. L. Barry 

published that Sr3MgSi2O8 forms ideal solid solutions with both Ba3MgSi2O8 

and Ca3MgSi2O8, but Ba3MgSi2O8 and Ca3MgSi2O8 does not, leading to an 

intermediate compound, BaCa2Si2O8. However, the correct crystal structures of 

possible mixtures of M3MgSi2O8 (M: Ba, Sr, Ca) were indexed and published 

elsewhere much later and discussed in previous section. 

Many other scientific groups were analysing luminescent properties of 

different combinations of Eu2+-activated M3MgSi2O8 (M: Ba, Sr, and Ca) [121, 

122, 130, 134, 139-141]. In summary, the peak wavelength of the emission 
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originated in 5d–4f electron transition strongly depends on the crystal-field 

experienced by Eu2+ ions, so the crucial aspect for PL of these compounds is 

peculiarities of crystal structure. Under vacuum-UV-light excitation (146 nm) 

Sr2.98MgSi2O8:0.02Eu2+ and Sr2.48Ba0.5MgSi2O8:0.02Eu2+ photoluminescence 

peak intensities are over 90 and 75%, respectively, as high as commercially 

used BaMgAl10O17:Eu2+ (BAM). Moreover, thermal luminescence degradation 

and the brightness after annealing at 500 °C are much smaller of 

(Sr/Ba)3MgSi2O8:Eu2+ than BAM. The thermal degradation of luminescence is 

mainly attributed to the thermal oxidation of Eu2+ to Eu3+. Ba substitution in 

Sr3MgSi2O8 compounds plays an important role for suppressing the oxidation. 

With the increase of Ba content in the composition, the emission spectrum was  

blue-shifted, indicating a central wavelength-tunable blue phosphor. The 

optimized composition for highly luminous phosphor is 

Ca0.9Sr0.45Ba1.65MgSi2O8:Eu2+, which has about 170% enhancement in the 

integrated emission intensity compared with the Sr3MgSi2O8:Eu2+ phosphor. 

The latest research on Ba2.98Eu0.02MgSi2O8 successfully explained phenomena 

of the emission colour switching between blue and purple by laser irradiation. 

From the experiments on the samples prepared under different reducing 

conditions, surprisingly it has been found that the amount of the red emission 

centre was not dependent on the Eu2+-amount [142]. 

The red (620 nm), green (505 nm) and blue (442 nm) emissions were 

simultaneously observed from Eu2+ and Mn2+ co-activated Ba3MgSi2O8, which 

led to a single-phase full-colour (RGB) phosphor [143]. However, the green 

light originated by Ba2SiO4:Eu2+ which appeared as an impurity phase [134, 

137]. The Ba3MgSi2O8:Eu2+, Mn2+ should emit in purple, because the blue 

emission from Eu2+ ions mixes with the red emission from Mn2+ ions. It is 

explained that a part of excitation energy resonantly transferred from Eu2+ to 

Mn2+ ions, leading to its red emission. Consequently 

(Ba, Ca, Sr)3MgSi2O8:Eu2+, Mn2+ phosphors, emitting blue, red and even far-

red light, combined with a near-ultraviolet LED chip might be successively 

used for plant cultivation. Importantly, light quality (the emission spectra: 
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broad blue-emission band (450 – 485 nm), red-emission band (620 – 703 nm) 

and quantum efficiencies (between 45 – 70%)), could be adjusted by tuning the 

elemental composition of these phosphors. That enables to tailor the optimal 

spectrum requirements for different species of plants [133, 137, 144, 145]. 

Nevertheless, it was found that Tb3+, Eu2+ and Mn2+ co-activated 

Ba3MgSi2O8 exhibits tri-band (red, green and blue) emission due to the dopant 

ions. The obtained light is a cool white light and the solubility of Tb3+ limits to 

get warmer colour. These phosphors have a big potential as full-colour 

phosphors for applications in solid-state white lighting devices, but the 

quantum yield and temperature-stability should be improved [146]. Y. Chen et 

al. [147] published that Sr3MgSi2O8:Ce3+,Tb3+ has potential as near ultraviolet 

region based wavelength-tunable single-phase phosphor for white LEDs. 

Sr2.75MgSi2O8:0.01Ce3+, 0.015Tb3+ under ultraviolet light (330 nm) excitation 

presents blue emission, as the luminous colour shifted from bluish violet 

(Sr3MgSi2O8:Ce3+). According Y. Yonesaki el al. [148] Mn2+ ions doped into 

M2BaMgSi2O8 show bright red emission if Ce3+ ions are added together. The 

increase of intensity is obtained because of structural distortion around Mn2+ 

ions caused by Ba-addition. The Förster resonance energy transfer from Ce3+ to 

Mn2+ plays an important role for the Mn2+ emission. As Ce3+-derived emission 

is almost invisible to the naked eye, emission from Ce3+, Mn2+-doped 

M2BaMgSi2O8 appears totally red. 

The M3MgSi2O8 co-activated with Eu2+ and Dy3+ attracted attention as 

long lasting phosphors (LLP). LLP materials can be widely used in areas such 

as safety indication and emergency lighting. Y. Lin et al. [149] detected long 

afterglow (over 5 h in the limit of the light perception of the dark-adapted 

human eye) of Ca3MgSi2O8:Eu2+, Dy3+ phosphor with high brightness. 

Y. H. Lin et al. [128] found that Sr3MgSi2O8 phosphor has better afterglow 

properties than the other M3MgSi2O8:Eu2+, Dy3+ (M: Ca, Sr, Ba) phosphors. 

A. A. S. Alvani et al [129] after systematic studies of concentration effect to 

afterglow suggested luminescent mechanism in Sr3MgSi2O8:Eu2+, Dy3+ 

phosphor. In the class of M3MgSi2O8, Sr has a superior position among 
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alkaline earth metals. The synthesized phosphors have two broad excitation 

bands cantered at 356 and 395 nm. The main emission peak is seen at 482 nm 

(typical emission of Eu2+ ascribed to the 4f7 → 4f65d1 transition), its afterglow 

lasts for more than 10 h. 

It was presented to use the LLPs in radiation detection, sensors for 

structural damage, fracture of materials, and temperature. They are called the 

third generation LLPs. The alkaline silicates are superior to aluminates as host 

materials for such applications. As the colours of the commercial LLPs are still 

limited to blue (CaAl2O4:Eu2+, Nd3+) and yellow–green (SrAl2O4:Eu2+, Dy3+), 

the red-light LLPs is missing for the tricolour. Consequently Y. Gong el al. 

[150] suggest to use Sr3MgSi2O8:Eu2+, Mn2+, Dy3+. They demonstrated that the 

weak red emission resulting from the forbidden transition of Mn2+ could be 

enhanced by the energy transfer from Eu2+ and the emission duration can be 

prolonged to more than 2 h. The thermo-luminescence spectra were used to 

characterize the ability of the trap to trapping the carriers. By the analysis of 

the ionization potentials, the roles of Mn2+ and Dy3+ in the afterglow process 

were discussed [150]. 

Among the crystals containing BX4 (SO4, SeO4, CrO4) tetrahedrons, 

described by the formulas A2BX4, ACBX4, and A3C(BX4)2, where A, C = Li, 

Na, K, Rb, Cs, NH4 there is a large group of materials that show an interesting 

sequence of phase transitions and the appearance of ferroic phases as a 

consequence of spatial ordering of BX4 groups. Glaserite-type oxides fall into 

this list, e.g. K3Na(CrO4)2 exhibits a ferroelastic phase transition at about 

239 K [151]. K3Na(SeO4)2, and K3Na(MoO4)2, have been intensively studied 

as well because their ferroelastic character closely relates to the structural 

symmetry [123, 152]. 

Bulk crystals are inherently three-dimensional, however, they may 

comprise magnetic ions whose spins interact only along a certain 

crystallographic planes. Such compounds are called two-dimensional (2D) 

magnets. For small spin values, for example, S = 1/2 (as in Cu2+ or (low spin) 

Co2+) or S = 1 (as in Ni2+), quantum effects play a prominent role [153]. 
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Researchers [154] reported the first truly 2D magnet made of a compound 

called chromium triiodide. The discovery could eventually lead to new data-

storage devices and designs for quantum computers. For now, the 2D magnets 

will enable physicists to perform previously impossible experiments and test 

fundamental theories of magnetism [153]. In a crystalline electric field of such 

low symmetry, the orbitally degenerated 3d9 level of a free Cu2+ ion splits into 

four sublevels. The orbital eg(dx2-y2), which experiences the maximum 

electrostatic repulsion from the surrounding ligand ions, constitutes the highest 

energy level with exactly one electron per orbital, which results in a S = 1/2 

chain parallel to the crystallographic axis (e.g. c-axis). The absence of 

intervening oxygen ions or the presence of buffer layers of magnetically 

inactive atoms (like Sr2+) along other axes (e.g. a-axis and b-axis) secures 

magnetic isolation and hence the magnetic 1D nature of the compound [155]. 

If compounds based on M3MgSi2O8 structures could serve as model for new 

materials, in which the doped triangular lattice could be studied, that would be 

a major breakthrough. A wide range of different lattice geometries and 

dimensionalities is available for further study. In combination with the large 

number of experimental probes for spins, this enables us to enter the world of 

exotic phases of strongly interacting quantum particles such as the  

Bose-Einstein condensation (BEC) in various dimensions, Luttinger-liquid 

physics, commensurate solids with a fractional number of bosons per unit cell 

and supersolids combining superfluidity with a broken translational symmetry 

[156]. 

Another layered structure silicate BaCuSi2O6 is known as Han purple, a 

pigment already used by Chinese artistes centuries ago. BaCuSi2O6 is a  

quasi-two-dimensional spin dimer system and a model material for studying 

BEC of magnons in high magnetic fields. Studies have shown that it is a  

quasi-two-dimensional spin dimer system. The crystal structure of BaCuSi2O6 

at room temperature is tetragonal (I41/acd) and launches CuO4 layers, which 

are retained on their edges with SiO4 tetrahedra. The layers are linked in pairs, 

that the distance between two Cu atoms is only 2.75 Å. These bilayers form 
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well-defined structural and magnetic dimers and are separated from each other 

through Ba2+ cations. Each spin 1/2 Cu2+ ion interacts with the four Cu2+ ions 

of the next layer. The interlayer coupling of the bilayers is antiferromagnetic 

(below 1 K), and a perfect frustration may be realized [157, 158]. 

These phenomenal studies require of advanced experimental methods, 

like neutron scattering and high-precision magnetometry and calorimetry. 

However, they are very limited, because of difficulties to produce large 

quantities of high-quality samples (single crystals). The success of this 

approach is standing on advances in growth techniques, present state of 

knowledge and a collective effort across several areas of expertise, including 

materials science and chemistry, which may enable us to study in the future. 

1.2.3. Synthesis Methods of M3MgSi2O8 

The choice of good synthesis pathways and correct, optimized 

fabrication conditions is the ultimate step to prepare single-phase material. For 

example, wrong synthesis produced wrong hypothesis and explanation that 

Ba3MgSi2O8:Eu2+, Mn2+ emits blue, red and green light, showing a perspective 

for applications in full colour white light LED. However, the synthesis 

conditions were not optimal and appeared impurity Ba2SiO4 causing green 

emission [134]. The most of published research on M3MgSi2O8 compound 

were done on the samples prepared by solid-state reactions. Other synthesis 

methods, like sol-gel, sol-gel combustion, spray pyrolysis and mixed/combined 

methods were also used for the improvement of quality of powdered samples. 

Conventional solid-state reaction was employed for the preparation of 

samples of batch compositions M3MgSi2O8 (M: Ca, Sr and Ba) and doped with 

Eu2+, Mn2+, Dy3+ and etc. Alkaline-earth carbonates (CaCO3, SrCO3 and 

BaCO3), magnesium oxides (MgO) or carbonate hydroxide 

(4MgCO3∙Mg(OH)2∙5H2O) and silica (SiO2) or silica gel starting materials 

used in the synthesis are most common. Prior to use pieces of SiO2 it has to be 

ground into a fine powder. Eu2O3, Dy2O3, Mn(CH3COO)2∙6H2O or MnO2 and 

Ce(OH)4 are used as raw materials for doping the matrixes. A small amount of 
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NH4Cl (about 2 wt%) or H3BO3 (about 5 mol%) are often used as fluxes. 

Stoichiometric amounts of the reagents and the flux are ground and mixed by 

ball milling with zirconia beads for 4 – 6 h or using agate mortar in 2-propanol 

or ethanol. The mixed powder are heated at 1100 – 1350 °C for 3 – 15 h in air 

or if it is necessary in the reducing atmosphere (the mixture of 5% H2 and 95% 

N2), sometimes with an intermediate regrinding [118, 121, 123, 124, 127-129, 

134, 139, 148, 150]. 

The single phase Ba3MgSi2O8 powders were obtained only using 

LiBO2, Li2CO3 and Na2CO3 as fluxes [120]. P. Zhang et al. [141] discussed the 

role of flux on phase formation and luminescence for a series of 

M3MgSi2O8:Eu2+ (M: Ca, Sr, Ba) phosphors synthesized by conventional solid-

state reaction method. They found that the best flux for the synthesis of 

Sr3MgSi2O8:Eu2+ is NH4Cl (~7.5 wt%), an alternative choice is AlF3 

(~5.0 wt%) and the fluxes NaCl or KBr almost do not affect the luminescence. 

However, H3BO3 has a negative effect on luminescence, especially when 

doping concentrations are high. 

In order to reduce synthesis temperature, to control particle size and 

morphology the sol-gel, sol-gel combustion and microwave-assisted sol-gel 

syntheses are employed. The microwave-assisted sol-gel method have been 

used in order to get Ba3Mg1-xLixSi2O8:Eu,Tb single phase samples [146]. In to 

a solution formed of water and ethanol (pH = 2 – 3 reached by addition of 

glacial acetic acid) a citric acid was added. Then, stoichiometric amounts of 

BaCO3, Mg(NO3)2∙6H2O, tetraethoxysilane (TEOS), Tb(NO3)3∙5H2O, 

Eu(NO3)3∙5H2O, MnCO3 and Li2CO3 were dissolved. The obtained solution 

was evaporated and transparent gel was formed. This gel was dried and finely 

ground. The samples were heated at 400 °C for 4 h and then at 650 °C for 6 h. 

The final product is obtained after heat-treatment in a microwave setup. The 

authors claim that a rapid microwave heating prevents formation of impurity 

phases in comparison with conventional furnace heating. 

M3MgSi2O8:Eu, Mn (M: Ba, Ca, Sr) phosphors were synthesized also 

via combustion synthesis [137]. Metal nitrides and fumed SiO2 were used as 
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starting materials for the synthesis and carbohydrazide (CH6N4O) was used as 

the fuel. After final heating for 6 h at 1200 °C in a reductive atmosphere 

microcrystalline powders were obtained, the particle size is in the range of  

0.3 – 1 μm. However, the secondary phases formed in the preparation of 

Ba3MgSi2O8:Eu, Mn. 

An interesting combination of solid-state and sol-gel combustion 

syntheses were described by W. Ahn el al. [159]. The process was significantly 

shortened compared with a sol-gel method. In order to get a single-phase 

(Sr, Ba)3MgSi2O8:Eu using this sol-gel combustion hybrid process they used 

highly soluble strontium and barium acetates, colloidal silica and TEOS. 

Acetic acid was used as catalyst for the combustion reaction and NH4Cl was 

used as a flux. The NH4Cl was mixed with the black powders obtained after 

combustion process and calcined at 1000 °C for 3 h, then ground and fired at 

1300 °C for 5 h under reductive atmosphere. The addition of flux resulted in 

the formation of a single phase product. 

The last reviewed method is spray-pyrolysis which is used to produce 

M3MgSi2O8:Eu, Mn phosphor. The metal nitrates were dissolved in water with 

addition of C4H6MnO4ꞏ4H2O and TEOS. The final solution was sprayed by an 

atomizer to obtain xerogel particles. The xerogels are heated in a tube furnace 

for ~3 h or in a tubular reactor at 1200 – 1400 °C under a reducing atmosphere 

[140, 144]. L. Wang et al. [160] reported the newly observed evolution and 

control of morphology of the compound fabricated by spray-pyrolysis 

synthesis procedure with using instant microwave firing hollow  

xerogel particles. Authors produced cage-like morphology of 

(Ba,Sr)3MgSi2O8:Eu2+,Mn2+ powders. The particles with cage-like morphology 

could be used to construct the multi-scale, one-component phosphor particles 

in meso-, nano- and submicro- meter to achieve the photoluminescence 

enhancement. 
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2. EXPERIMENTAL PART 

2.1. Reagents 

Tris-(hydroxymethyl)-aminomethane (TRIS) (NH2C(CH2OH)3; 99.9%; 

Carl Roth) and 1,2-ethanediol (C2H6O2; 99.5%; Scharlau and 99.8%; Sigma-

Aldrich) were used as complexing agents in the sol-gel processing. Metal 

oxides were dissolved in concentrated nitric acid (HNO3; 65%; Reachem and 

70%; Sigma-Aldrich). Ammonium chloride (NH4Cl; 99.999%; Carl-Roth) was 

used as a flux in soli-state reaction syntheses. Gadolinium (III) oxide (Gd2O3; 

99.99%; Treibacher Industrie AG), gadolinium nitrate x-hydrate 

(Gd(NO3)3ꞏxH2O (x≈ 6; 99.9%; Alfa Aesar), scandium oxide (Sc2O3; 99.99%; 

Treibacher Industrie AG), gallium oxide (Ga2O3; 99.99%; Alfa Aesar), yttrium 

oxide (Y2O3; 99.99%; Alfa Aesar), lutetium oxide (Lu2O3; 99.99%; Treibacher 

Industrie AG), iron (III) nitrate nonahytrate (Fe(NO3)3ꞏ9H2O; 99.9%; Sigma-

Aldrich), chromium (III) nitrate nonahydrate (Cr(NO3)3ꞏ9H2O; 99%; Sigma-

Aldrich), diammonium cerium (IV) nitrate ((NH4)2Ce(NO3)6; 99.9%; Carl 

Roth), calcium carbonate (CaCO3; 99.999%; Sigma-Aldrich), barium 

carbonate (BaCO3; 99.999%; CERAO), barium peroxide (BaO2; 99%; 80 

mesh; CERAO), copper (II) oxide (CuO; 99.999%; CERAO), dicopper 

carbonate dihydroxide (Cu2(OH)2CO3; ≥95%; Carl Roth), magnesium nitrate 

hexahydrate (Mg(NO3)2ꞏ6H2O; 99.999%; Sigma-Aldrich), magnesium 

carbonate dihydroxide heptahydrate (4MgCO3ꞏMg(OH)2ꞏ5H2O; 98%; Carl 

Roth), silicon dioxide nanopowders (SiO2 np.; particle size 10 – 20 nm; 99.5%; 

Sigma-Aldrich) and silica (SiO2; 99.9%; grain 0.2 – 0.7mm; BALZERS) were 

used as starting materials. 

2.2. Synthesis Methods of Garnets 

In the sol-gel processing of Gd3Sc2Ga3O12 (GSGG) garnet three slightly 

different synthesis routes were used. In the syntheses I and II, the  

1,2-ethanediol has been selected as complexing agent, while TRIS was used in 

the synthesis III. The molar ratio of complexing agents to all metal ions was 

~1:2 for both the glycolate gels and gels with TRIS. For the preparation of 
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GSGG in the synthesis I gadolinium nitrate, scandium and gallium oxides were 

used as starting materials. Firstly, the stoichiometric amounts of Sc2O3 and 

Ga2O3 were dissolved in boiling concentrated nitric acid. The acidity of these 

solutions was reduced by evaporating them and diluting with distilled water for 

3 times. Secondly, the obtained Ga(NO3)3 and Sc(NO3)3 solutions were mixed 

with the appropriate amount of Gd(NO3)3ꞏ6H2O dissolved in distilled water. 

The amount of water of crystallization in Gd(NO3)3ꞏ6H2O was estimated by 

employing TG analysis. Finally, the complexing agent 1,2-ethanediol was 

added to the above solution containing Gd3+, Sc3+ and Ga3+ ions. The obtained 

solution was continuously mixed for 1 h using a magnetic stirrer at 65 – 70 °C. 

When transparent sol has formed the solvent was slowly evaporated and 

viscous Gd-Sc-Ga-O gel has formed. The dried gel was thoroughly ground in 

agate mortar and heated at 800 °C for 5 h using the heating rate of 1 °C/min. 

The obtained powders after repeated grinding were additionally heated for 10 h 

at 1000 °C using the heating rate of 3 °C/min. 

In the synthesis II all three metal oxides were used as starting materials. 

Stoichiometric amounts of Gd2O3, Sc2O3 and Ga2O3 were separately dissolved 

in a boiling concentrated HNO3 till solutions became completely transparent. 

The following synthetic procedures were the same as in synthesis I. Metal 

oxides as starting materials were also used in the synthesis III. Gadolinium, 

scandium and gallium nitrate solutions were prepared in the same way like in 

the synthesis II. Three solutions were mixed together and TRIS instead of  

1,2-ethanediol was added to the above solution of metals. TRIS was used as 

complexing agent and also as initiator of self-burning process (combustion) of 

the gel when the Gd-Sc-Ga-O gel was completely dried. After self-initiated 

combustion very crumbly ash-like powders have formed. The further heat 

treatment of obtained powders was performed as in syntheses I and II. 

The synthesis III were chosen as the best, hence rest of garnet samples 

presented in this dissertation work were synthesized following this route. In the 

preparation of metal-doped (Fe3+, Ce3+, Ce3+/Cr3+ and Cr3+) garnets the 
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appropriate amount of dopant metal nitrate were dissolved in distilled water 

and obtained solution was added before adding the complexing agent. 

Synthesis temperature influence to the luminescence properties were 

analysed of the best mixed-metal gallium garnet doped with Cr3+ samples. 

Consequently, the particular samples were heat treated at 1300, 1400 and 

1500 °C instead of 1000 °C temperature. 

2.3. Synthesis Methods of M3XSi2O8 

Glaserite-type structure compounds Ca3MgSi2O8 (CMSO), Ba3CuSi2O8 

(BCSO), Ca3Mg1-xCuxSi2O8 (CMCSO) and Ba3-xCaxCuSi2O8 (BCCSO)), with 

empirical formula M3XSi2O8 (M = Ca2+, Ba2+; X = Mg2+, Cu2+) were 

synthesized by aqueous sol-gel, conventional solid-state reaction and 

Travelling Solvent Floating Zone (TSFZ) methods. 

2.3.1. Sol-Gel Method 

The precursor gels for CMSO, BCSO and CMCSO were prepared by 

using stoichiometric amounts of analytical grade metal oxides, nitrates or 

carbonates and SiO2 nanopowders as starting materials. In the sol-gel process, 

the metal oxides and carbonates were first dissolved in required amount of 

diluted HNO3 under heating (~70 °C) and stirring in a beaker covered with a 

watch glass till the clear solution was obtained. Secondly, to the mixture of 

metal nitrate solution the required amount of SiO2 np. and the complexing 

agent (1,2-ethanediol or TRIS) were added. The resulting mixture was stirred 

for ~2 h at 60 – 70 °C. The molar ratio of complexing agents to all metal ions 

was ~1:2 for the glycolate gels and ~1:1 for TRIS gels. Next, the solution was 

concentrated by evaporation under stirring at the same temperature and 

obtained gels were dried in the oven for 24 h at ~100 °C. The brownish gel 

powders were heated up on the hot-plate (~200 °C) for self-burn reaction 

initiation. The obtained powders were homogenized by grinding in an agate 

mortar. The different heating procedures are given in the results and discussion 

section 3.2. 
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2.3.2. Solid-State Method 

The CMSO, BCSO, CMCSO, BCCSO, Ba2SiO4, BaSiO3, CaSiO3 and 

BaCuO2 compounds were synthesized by conventional solid-state reaction 

method using stoichiometric amounts of analytical grade metal carbonates, 

oxides, peroxides, hydroxide carbonate and SiO2 as starting materials. The 

starting materials grounded, heated and continuously homogenized for several 

times. In the case of synthesis of CMSO, CMCSO, CaSiO3 and BaSiO3, a flux 

(~2 wt% NH4Cl) was mixed with starting materials. The ball-mill with agate 

beads and 2-propanol as solvent were used to homogenize the starting 

materials for 5 h during preparation of CMSO and CMCSO, and 1.5 h 

preparing BCCSO. After mixing the solvent was evaporated on hot-plate and 

remaining emulsion was dried overnight in the oven at ~100 °C. For the 

preparation of Ba2SiO4, CaSiO3, BaSiO3, BaCuO2 and BCCSO compounds the 

starting materials were mixed and homogenized in agate mortar. The different 

heating procedures are given in the results and discussion section 3.2. 

2.3.3. Traveling Solvent Floating Zone Method 

In the Travelling Solvent Floating Zone (TSFZ) method the precursor 

powders for BCSO were prepared from stoichiometric mixtures of BaO2, SiO2 

and BaCuO2 or together with CuO. The precursor powders for first (1I-BCSO) 

and second (2I-BCSO) processes were mixed following stoichiometry of 

reaction (1) and for the third (3I-BCSO) according to the reaction (2). 

  (1) 

  (2) 

These oxides were accurately weighed, mixed and ball-milled for 2 h. 

The mixture was ground and loaded into a rubber tube to fabricate the feed and 

seed rods. These tubes filled with precursor powders were hydrostatically 

pressed to about 35 – 42 MPa. The obtained rods had a diameter of ~8 mm and 

a length of 50 – 60 mm. Prepared rod were densified by heating before crystal 

growth process. Rods for 1I-BCSO and 2I-BCSO were preheated in air at 

900 °C for 12 h and placed in to hot furnace for 1 h, respectively. Preheating 
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temperature for rods of 3I-BCSO process were chosen 750 °C (12 h). The rods 

for 3I-BCSO were again densified by fast preheating at TSFZ furnace, the 

translation speed 30 mm/h. The crystal was grown in an optical floating-zone 

furnace (CYBERSTAR Mirror furnace) equipped with two 2 kW Halogen 

lamps reaching a maximum temperature of 2400 °C and working pressure up 

to 1 MPa. The growth processes were performed in 20% of O2 and 80% of Ar 

atmosphere, working pressure 0.5 – 0.8 MPa. The growth translation rate was 

in the range of ~13 mm/h and rotation rates of the feed rod and seed rod were 

~25 rpm in opposite directions. The processing example is given at Fig. 11. 

 
Fig. 11. The processing of 3I-BCSO in an optical floating zone furnace. 

2.4. Characterization 

2.4.1. Powder X-ray Diffraction Analysis 

Powder X-Ray diffraction (XRD) measurements of samples discussed 

in this dissertation work were performed at room temperature on three 

diffractometers: (a) Rigaku MiniFlex II diffractometer working in Bragg-

Brentano (θ/2θ) geometry, data were collected at a step of 0.02° and speed 

1 s/step using Cu Kα radiation. This diffractometer was employed for the 

analysis of pure GSGG, GGG, YGG and LuGG garnets and Fe3+, Ce3+, 

Ce3+/Cr3+ and Cr3+ doped garnet samples; (b) Bruker D8 Advanced 

diffractometer, data were collected at a step of 0.0102271° and speed of 

1.03 s/step using Cu Kα radiation. This diffractometer was employed for the 

analysis of powders synthesized at high temperatures (1300 °C, 1400 °C and 

1500 °C) and GGG:Ce samples. The intensity data sets of Gd3−xCexGa5O12 (x = 

0.5, 1 and 3 mol%) were refined using Rietveld method by JANA2006 [162] 

software; (c) PHILIPS PW1830 diffractometer working in Bragg-Brentano 

(θ/2θ) geometry, detector is a PW1820. Data were collected at a step of 0.02° 
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and speed 1 s/step using Cu Kα not mono-chromatized for Cu Kα2 radiation, 

wavelength Cu Kα1 = 1.5006 Å, Cu Kα2 = 1.5444 Å, ratio = 0.500. This 

diffractometer was used for the analysis of glaserite-type compounds.  

2.4.2. FTIR Spectroscopy 

The infrared spectra were recorded on Perkin-Elmer ATR-FTIR 

spectrometer equipped with a liquid nitrogen cooled MCT detector. 

2.4.3. Thermal Analysis 

The thermal decomposition of the precursors, gels and amorphous 

powders after self-combustion reaction was analysed through 

thermogravimetry and differential scanning calorimetry (TG-DSC) analysis 

using Perkin Elmer STA 6000 Simultaneous Thermal Analyzer. Dried samples 

of about 5 – 10 mg were heated from 25 to 950 °C at a heating rate of 

10 °C/min in a dry flowing air (20 mL/min). The thermal behaviour of the 

samples for preparation glaserite-type compounds were analysed through 

simultaneous thermogravimetry and differential thermal analysis (TGA-DTA) 

using SETARAM Instrumentation TAG-1750 (High Performance Symmetrical 

TGA System (ambient / 1750 °C)) using Al2O3 as a reference. The samples of 

about 40 – 45 mg were heated from 50 to 1100 – 1450 °C temperature at a 

heating rate of 5 °C/min in a flowing (0.6 l/h) 20% O2 and 80% Ar atmosphere. 

2.4.4. SEM-EDX Analysis 

The samples morphology and elemental composition on surface was 

characterized by three scanning electron microscopes equipped with energy-

dispersive X-ray spectrometers: (a) Hitachi Tabletop Microscope TM3000, 

detector is a semiconductor BSE, 15.0 kV accelerating voltage for EDX 

measurements; (b) Hitachi SU-70, X-Max Extreme Silicon Drift Detector 

(SDD), 15.0 kV accelerating voltage for EDX measurements; (c) LEO 438VTP 

electron microscope coupled to a Noran Pioneer X-Ray detector, 20.0 kV 

accelerating voltage for EDS measurements. 
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2.4.5. ICP-OES Analysis 

For the determination of element ratio in the synthesized GSGG:Cr and 

YGG:Cr samples inductively coupled plasma optical emission spectrometry 

was employed using Perkin-Elmer Optima 7000 DV spectrometer. For this 

analysis were used Gd, Sc, Ga, Y and Cr ICP single element standard solutions 

(1000 mg/l, Roth). Garnet samples were dissolved in diluted (volume ratio 1:1 

with deionized water) nitric acid (HNO3; 65%, Reachem). All solutions were 

prepared using deionized water. 

2.4.6. UV/VIS Spectroscopy 

Diffuse reflection spectra were measured using a spectrometer with an 

integrating sphere (Perkin Elmer Lambda 950, Spectralon white standard). The 

excitation and emission measurements were performed using a fluorescence 

spectrometer (Perkin Elmer LS55). Photoluminescence QE was measured 

using an integrating sphere (Sphere Optics, Spectralon white standard) and a 

spectrometer (Hamamatsu PMA-12). An incandescent lamp and a 

monochromator set at 440 nm were used for the excitation. A detailed 

explanation of the measurements of QE is given in [161], using the spectral 

data, the value of QE is calculated. These luminescent measurements were 

performed in the Institute of photonics and nanotechnology, Faculty of 

Physics, Vilnius University. Luminescence properties as well were measured 

using Edinburgh Instruments FLS980 spectrometer equipped 450WXe arc 

lamp, a cooled (-20 °C) single-photon counting photomultiplier (Hamamatsu 

R928) and mirror optics for powder samples. The photoluminescence emission 

spectra were corrected by a correction file obtained from a tungsten 

incandescent lamp certified by the NPL (National Physic Laboratory, UK). 

Photoluminescence lifetimes were measured with the Edinburgh Instruments 

FSL920 spectrometer equipped with the μF900 flash lamp and a Hamamatsu 

extended red sensitivity photomultiplier tube. Data were acquired in a gated 

single photon counting (MCS) mode. 
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3. RESULTS AND DISCUSSIONS 

3.1. Sol-Gel Synthesis and Characterization of Mixed-Metal 

Garnets 

3.1.1. Synthesis of Gd3Sc2Ga3O12: Optimization of Parameters 

The XRD patterns of GSGG samples prepared using slightly different 

three synthesis ways [LIST OF AUTHOR’S PUBLICTIONS; Articles in 

journals; 2. S. Butkute et al., Journal of Sol-Gel Science and Technology, 76 

(2015) 210-219] are shown in Fig. 12. As seen, the X-ray diffraction patterns 

of prepared GSGG samples are very similar. It is hard to see any difference in 

the measured diffractograms, which have perfect fit with standard data of 

GSGG phase, (ICDD) 04-006-8283. The single-phase gadolinium scandium 

gallium garnet powders were obtained during all three synthesis routes. 
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Fig. 12. XRD patterns of GSGG synthesized by syntheses I, II and III. Vertical 

lines represent standard XRD data of GSGG, (ICDD) 04-006-8283. 

FTIR spectroscopy was used as additional tool for the characterization 

of obtained materials. The FTIR spectra of GSGG samples, obtained after the 

calcinations of Gd-Sc-Ga-O precursor gels at 1000 °C are shown in Fig. 13. 

The FTIR spectra show several intense broad bands. Strong absorption bands 

arising from O-H stretching and bending vibration of water due to the exposure 

of the sample to the atmosphere occur at 3438 and 1640 cm-1, respectively 

[163]. The broad band in this range is more intensive of sample synthesized 
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following synthesis III. This can be caused by bigger surface, porosity or 

smaller obtained particles of the sample. Importantly, FTIR spectra also show 

that broad absorption bands in the region 800 – 400 cm-1 are well resolved into 

several narrow absorption bands. According to the literature data, this pattern 

corresponds to the metal-oxygen vibrations in the tetrahedral dislocation of 

garnet structure [62]. Therefore, the IR results support the conclusions made on 

grounds of the XRD measurements. 
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Fig. 13. FTIR spectra of GSGG samples synthesized by syntheses I, II and III after 

1000 °C. 

The morphology of the synthesized GSGG powders was studied using 

scanning electron microscopy (SEM). Interestingly, the results of SEM 

analysis showed that the nature of complexing agent used in the sol-gel 

processing has considerable impact on the morphological features of GSGG. 

The GSGG solids obtained during the syntheses I and II showed almost 

identical morphology. The micrographs of GSGG samples fabricated using 

syntheses I and II are presented in Fig. 14, (a) and (b) respectively. 

As seen, the GSGG solids composed of differently shaped particles with 

wide particle size distribution. Some of particles have formed in nanometre 

size (less than 100 nm). However, the rest GSGG particles show variation in 

size from 1 to 25 μm. The SEM micrographs of GSGG samples prepared using 

synthesis III are shown in Fig. 14 (c) and (d). The SEM images clearly 

demonstrate that blocky angular shape particles were not formed in this case. 
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Moreover, the abundance of very small particles decreased in comparison to 

syntheses I and II. The obtained powders mostly consist of irregular shape  

sub-micron particles 1 – 5 μm in size. However, larger agglomerates  

(10 – 30 µm) having porous microstructure have formed as well. 

 
Fig. 14. SEM micrographs of GSGG synthesized by syntheses I (a), II (b)  

and III (c, d). 

In conclusion, all three synthesis routes were suitable for the synthesis 

of single phase Gd3Sc2Ga3O12. Since application of TRIS in the sol-gel 

processing ensure receipt of GSGG particles with narrow particle size 

distribution, the synthesis III was chosen for the preparation of the rest garnet 

specimens in this study. 

3.1.2. Investigation Fe3+, Ce3+, Ce3+/Cr3+ and Cr3+ Doping Effects  

in Gd3Ga5O12  

The Gd3Ga5O12 samples discussed in this chapter were synthesized 

following synthesis III route (Table 5). 

Pure GGG was obtained after calcination of Gd-Ga-O TRIS precursor 

gel at 1000 °C. As it is seen from XRD diffraction pattern (Fig. 15) no other 

phases are formed during synthesis. The formation of single-phase GGG is 

confirmed by standard XRD data for this garnet phase (ICDD) 04-006-1592. 

c) d) 
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The X-ray diffraction patterns of the iron-doped GGG:Fe samples with 

different molar part of iron (0.25; 0.5; 1; 3; 5 and 10 mol%) in the compounds 

and sintered also at 1000 °C are shown in Fig. 16. 

Table 5. The Gd3Ga5O12 samples synthesized following synthesis III route. 

Amount of 
dopant 

Gd3Ga5O12 (GGG) 
Fe3+ Ce3+ Ce3+/Cr3+ Cr3+ 

0.25 mol% GGG:Fe0.25 GGG:Ce0.25 GGG:Ce,Cr0.25 GGG:Cr0.25 
0.5 mol% GGG:Fe0.5 GGG:Ce0.5 GGG:Ce,Cr0.5 GGG:Cr0.5 
1 mol% GGG:Fe1 GGG:Ce1 GGG:Ce,Cr1 GGG:Cr1 
3 mol% GGG:Fe3 GGG:Ce3 GGG:Ce,Cr3 GGG:Cr3 
5 mol% GGG:Fe5 GGG:Ce5 GGG:Ce,Cr5 GGG:Cr5 
10 mol% GGG:Fe10 GGG:Ce10 GGG:Ce,Cr10 GGG:Cr10 
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Fig. 15. XRD pattern of GGG synthesized using synthesis III approach. Vertical 

lines represent standard XRD data of GGG, (ICDD) 04-006-1592. 
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Fig. 16. XRD patterns of doped GGG:Fe (Fe = 0; 0.25; 0.5; 1; 3; 5 and 10 mol%) 

samples. Vertical lines represent standard XRD data of GGG. 
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As seen, the single phase products were obtained within the studied 

substitution range. When the molar part of iron is Fe = 0.25 – 10, the XRD 

patterns of GGG:Fe are analogous to the XRD patterns of un-doped garnets. 

All high intensity peaks are identified and could be attributed to the 

characteristic cubic garnet lattice. 

The FTIR spectra of GGG:Fe samples obtained after the calcinations of 

Gd-Sc-Ga-Fe-O precursor gels at 1000 °C, are shown in Fig. 17. Notably, the 

characteristic narrow absorption bands in the region 800 – 400 cm-1 are well 

pronounced. Absorption bands of O-H stretching and bending vibration of 

water at 3438 and 1640 cm-1 are not seen because of small relative intensity 

and high scale in the graph. 
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Fig. 17. FTIR spectra of GGG samples doped with different concentrations of 

Fe3+. 

It was demonstrated previously that different iron-doped compounds 

exhibit NIR luminescence [164-167]. Moreover, the mechanism of excitation 

of Er ions through Fe nanoclusters was suggested [168]. The luminescence 

properties of Fe3+ doped GGG powders were measured at ambient temperature. 

The excitation (λem = 730 nm) spectrum of GGG and emission spectra 

(λex = 460 nm) of Fe3+ doped (0 – 10 mol%) GGG samples are given at Fig. 18. 

The excitation spectrum of GGG exhibit broad bands at 450 and 550 nm. As 

there are no activator ions in the phosphor matrix these bands might be 

attributed to small amount of impurities or defects in the lattice. 
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Fig. 18. Excitation spectrum of GGG and emission spectra of GGG:Fe. 

The emission spectra of Fe3+ doped GGG samples has broad band at 

around 730 nm. One can see that undoped GGG garnet exhibits highest 

intensity of the emission. Interestingly the intensity of emission decreases 

monotonically with increasing the content of iron showing well resolved 

quenching effect of iron on the luminescence of GGG matrix. The broad bands 

observed in the 650 – 900 nm range also become more broaden probably due 

to non-equivalent Fe3+ and Gd3+ sites in the compounds. Thus, the results 

obtained illustrate the great iron quenching effect on the possible lanthanide-

ion emission in the garnet matrixes. This observed iron based quenching of 

luminescence in GGG could be successfully applied for the development of 

method of analytical determination of transition metal ions in different objects 

or establishment of nitrogen storage systems [169, 170]. 

The cerium-doped GGG:Ce (Ce = 0.25; 0.5; 1; 3; 5 and 10 mol%) and 

cerium/chromium-co-doped GGG:Ce,Cr (Ce + Cr = 0.25; 0.5; 1; 3; 5 and 

10 mol%; with equimolar molar amounts of cerium and chromium each) 

samples were also obtained at 1000 °C using the same sol-gel chemistry 

processing route. The X-ray diffraction patterns are shown in Fig. 19 of the 

cerium-doped GGG:Ce (A) and cerium/chromium-co-doped GGG:Ce,Cr (B). 

Evidently, the single phase products were obtained within the studied 

substitution range in all of the cases proving the high reproducibility of the 

suggested synthesis method. The XRD patterns of GGG:Ce and GGG:Ce,Cr 
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samples fit very well with the standardized XRD patterns of un-doped 

gadolinium gallium garnet. 
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Fig. 19. XRD patterns of doped GGG:Ce (A) and co-doped GGG:Ce,Cr (B) 

samples. Vertical lines represent standard XRD data of GGG. 

The excitation spectrum of GGG monitored for 730 nm emission and 

emission spectra of cerium-doped GGG (excited with 460 nm light) is depicted 

in Fig. 20, graph (A). The intensity of emission peak with the maximum at 

around 730 nm of the GGG doped with Ce3+ decreases with increasing amount 

of cerium. To conclude, the increase of cerium amount in garnet matrix has led 

to weaker emission, however, the decrease is not monotonous. These results 

clearly show that optical properties of GGG:Ce are quite different from the  

Ce-doped yttrium aluminium garnet samples [171, 172]. 
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Fig. 20. Excitation spectrum of GGG and emission spectra of GGG:Ce (A) and 

GGG:Ce,Cr (B). 

GGG:Ce3+,Cr3+ phosphors already exhibit ordinary luminescence 

properties for cerium/chromium co-doped garnet structure compounds  
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(Fig. 20, (B)). The highest intensity of the emission broad band at ~730 nm 

was observed for the GGG:Ce,Cr samples containing 3 mol% of dopants 

(1.5 mol% Ce3+ and 1.5 mol% Cr3+). However, the emission decreases with the 

further increase of cerium and chromium concentration in the compound. To 

conclude, the emission of GGG samples is enhanced with the chromium 

content upsurge caused by the increased number of active luminescent centres. 

The series of chromium doped (Cr3+ = 0.25; 0.5; 1; 3; 5 and 10 mol%) 

GGG were synthesized as well. The X-ray diffraction patterns of GGG:Cr 

samples are presented in Fig. 21. All the diffraction peaks match very well the 

standard XRD data of pure GGG (ICDD 04-006-1592). Fig. 22 presents the 

excitation (λem = 730 nm) spectrum of GGG and emission spectra (λex = 

460 nm) of chromium doped GGG samples. As is seen from emission spectra, 

GGG:Cr5 exhibit the strongest emission with a maximum in the red region 

(~ 730 nm) due to the 7T2 → 4A2 transition [173]. For comparison and 

evaluation of the photoluminescence properties of sintered GGG doped with 

different metal ions (Fe3+, Ce3+, Ce3+/Cr3+ and Cr3+) the values of internal 

quantum yield (QE) are presented in Table 6. 
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Fig. 21. XRD patterns of GGG:Cr (Cr3+ = 0.25; 0.5; 1; 3; 5 and 10 mol%) samples. 

Vertical lines represent standard XRD data of GGG. 
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Fig. 22. Excitation spectrum of GGG and emission spectra of GGG:Cr. 

Table 6. Values of the QE (%) of the GGG:M powders. 

Doped mol% GGG:Fe GGG:Ce GGG:Ce,Cr GGG:Cr 
0.00 2.9071 2.9071 2.9071 2.9071 
0.25 5.3438 0.9140 2.3386 3.4666 
0.5 2.7738 0.3365 2.5832 3.0815 
1.0 1.7413 1.0444 2.5774 4.4041 
3.0 1.6318 0.1237 3.6494 7.3711 
5.0 0.4819 0.0818 1.4390 7.9046 
10.0 0.2967 0.1408 1.4644 2.4647 

 

The photoluminescence QE were calculated from measurements made 

in an integrated sphere following recommendations in the article of J. C. Mello 

[161]. The values of QE of cerium doped GGG samples are notably smaller 

than for un-doped GGG. Surprisingly, the value of QE of GGG:Fe0.25 is also 

very in comparison with other samples. Evidently, chromium doped samples 

show the best photoluminescence properties and the values of QE reaches 

7.9% (GGG:Cr5). 

In order to analyse the influence of sintering/annealing temperature to 

the photoluminescence properties the GGG:Cr5 were heated for 10 h at 1300, 

1400 and 1500 °C temperatures instead of 1000 °C. 

The XRD patterns of GGG:Cr5 samples synthesized at different 

temperatures (1000, 1300, 1400 and 1500 °C) are presented in Fig. 23.  
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Fig. 23. XRD patterns of GGG:Cr5 samples sintered at 1000 – 1500 °C 

temperatures. Vertical lines represent standard XRD data of GGG. 

Obviously, the cubic garnet (space group no. 230) as crystalline phase is 

determined in all these powder samples. However, the crystallinity increases 

by increase of annealing temperature. It is known that Bragg peak broadening 

may be caused by the average crystallite size decrease or existence of 

microstrains [174]. As it is hard to see the difference in peaks width by eye the 

Table 7 presents Full Weight at Half Maximum (FWHM) for most intensive 

XRD diffractograms peaks for correspondent [h; k; l] plane reflections of 

sintered GGG:Cr5 powder. It is determined, that the values of FWHM of 

Bragg’s peak are largest calculated from the XRD pattern of powder annealed 

at 1000 °C and the values monotonically decreases by the increase of sintering 

temperature. This means that the crystallinity of the samples annealed at higher 

temperatures increases. 

The SEM micrographs presented in Fig. 24 confirm and supplements 

the obtained results. It is clearly seen that temperature influences powder 

morphology significantly. The particle size increases with increasing synthesis 

temperature. The average size of particles annealed at 1300 °C is ~1.01 μm, at 

1400 °C – ~1.75 μm and at 1500 °C – ~3.81 μm. After heating at higher 

temperatures (1400 and 1500 °C) the highly agglomerated network of particles 
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has formed instead of smoothly rounded shapes obtained at lower temperatures 

(1000 and 1300 °C). 

Table 7. Counted FWHM for most intensive XRD peaks of sintered GGG:Cr5 

powder samples. 

(ICDD) 04-009-5999 FWHM 
2-Theta (degree) [h;k;l] 1000 °C 1300 °C 1400 °C 1500 °C 

28.82 [4;0;0] 0.083 0.0472 0.0482 0.0455 
32.3 [4;2;0] 0.0849 0.0481 0.0483 0.0462 
35.48 [4;2;2] 0.0861 0.0489 0.0481 0.0462 
51.06 [4;4;4] 0.1003 0.0535 0.0505 0.0472 
53.3 [6;4;0] 0.1044 0.0537 0.0506 0.0475 
55.48 [6;4;2] 0.1071 0.0543 0.0517 0.0486 
59.68 [8;0;0] 0.1099 0.0562 0.0524 0.0501 
67.62 [8;4;0] 0.1189 0.0586 0.0555 0.0507 
69.52 [8;4;2] 0.1256 0.0597 0.0579 0.0539 
71.4 [6;6;4] 0.1235 0.0595 0.0545 0.0528 
84.14 [8;6;4] 0.1504 0.0656 0.0603 0.0562 
85.92 [10;4;2] 0.1023 0.0658 0.0614 0.0614 

 

 
Fig. 24. SEM micrographs of GGG:Cr5 powders heated at 1000 °C (a), 

1300 °C (b), 1400 °C (c) and 1500 °C (d). 

Photoluminescence properties of GGG:Cr5 were investigated again. 

Excitation and emission spectra of GGG:Cr5 heated at higher temperatures are 

presented in Fig. 25. The prominent bands at 450 nm and smaller bands at 

a) b) 

c) d) 
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630 nm are visible in excitation spectra. It is seen that the intensities of 

excitation and emission spectra’s increases with increasing synthesis 

temperature. More uniform crystallites with a better lattice quality are, 

probably, obtained at higher temperatures. 
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Fig. 25. Excitation and emission spectra of GGG:Cr5 powders synthesized at 

1000, 1300, 1400 and 1500 °C temperatures. 

The values of QE along with the band maximums of excitation and 

emission spectra of measured samples are presented in Table 8. 

Table 8. Optical properties of the GGG:Cr5 powder samples. 

GGG:Cr5 1000 °C 1300 °C 1400 °C 1500 °C 
Internal QE (%), λex = 445 nm 8 24 30 28 

λex, nm 447 446 447 446.5 
λem, nm 717 717.5 716.5 716 

 

It is seen that the values of QE of GGG:Cr5 for different heating 

temperatures correlate with photoluminescence intensity in the temperature 

range of 1000 – 1400 °C. The emission intensity is almost twice as high for the 

sample obtained at 1500 °C as for 1400 °C. However, the values of QE are 

very similar (28% and 30%, respectively). The reason is that GGG:Cr5 

annealed at 1500 °C has stronger absorption. 
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3.1.3. Structure and Charge Density of Gd3Ga5O12:Ce3+ Garnets 

Effects of Ce3+ doping on the band gap energy and electron density 

distributions for the Gd3Ga5O12 have been studied by means of diffuse 

reflectance spectroscopy, X-ray diffraction technique and the maximum 

entropy method (MEM). The information on the refined structure from 

Rietveld refinement [175] has been utilized for the evaluation of electron 

density distribution. MEM refinements [176] were used to explicate the 

electron density distribution in GGG doped with Ce3+ (0.5, 1 and 3 mol%) 

heated at 1000 °C. 

The Rietveld method is employed by JANA2006 [162] software. The 

enlarged view of a prominent peak shows the diffraction angular shifting 

towards lower angles with respect to Ce concentration. This angular shifting 

leads to increase the cell parameters summarized in Table 9. A standard 

software package formulated by Holland et al. [177] was used to refine the cell 

parameters. The intensity of X-ray datasets is in decreasing trend with Ce 

concentration due to lower atomic number of dopant atoms than the host atom. 

This evidence reveals that the dopant concentration is incorporated into the 

lattice as substitutional defects. 

Table 9. Refined structural parameters of Gd3Ga5O12:Ce 

Refined parameters 
Composition of Ce (mol%) 

0.5 1 3 
a = b = c (Å) 12.413(25) 12.434(14) 12.460(21) 
α = β = γ (°) 90° 90° 90° 

V (Å3) 1912.96 1922.74 1934.58 
Rp (%) 3.52 3.76 3.60 

wRp (%) 4.48 4.79 4.56 
Robs (%) 4.97 6.21 3.99 

wRobs (%) 4.79 4.52 3.64 
 

The refined cell parameter increases with Ce concentration due to larger 

ionic radius than host atom (ri = 1.034 Å for Ce3+ and ri = 0.938 Å for Gd3+). It 

infers that incorporation of cerium certainly increases the lattice parameters of 
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Gd3Ga5O12 which is significant for the optical properties of non-linear optical 

material. 

The maximum entropy method (MEM) is a versatile tool to study the 

electron density distribution. It is probability based statistical approached 

theory and it gives positive electron density distribution. The MEM method 

provides actual electron density rather than the normalized one and no phase 

information is required for constructing the electron density distribution. The 

nature of the bonding behaviour and the distribution of electrons in the bonding 

region can be clearly analysed by this technique. The uniform prior density 

was used in all the cases by dividing the total number of electrons by the 

volume of the unit cell. The software PRIMA was used for the MEM 

computations. The mid-bond positions and the calculated numerical values of 

the MEM mid-bond densities between the pair of different atoms of Ce (0.5, 1 

and 3 mol%) doped GGG obtained from 1D electron density profiles are 

presented in Table 10. 

Table 10. MEM mid-bond densities between different atoms of GGG:Ce obtained 

from 1D electron density profiles. 

Bonding 
atom pair 

Composition of Ce (mol%) 
0.5 1 3 

Position 
(Å) 

Mid-bond 
electron 

density (e/Å3) 

Position 
(Å) 

Mid-bond 
electron 

density (e/Å3) 

Position 
(Å) 

Mid-bond 
electron 

density (e/Å3) 
Gd–Gd 3.4724 0.6402 3.4724 0.5217 3.4724 0.5931 

Gd–Ga(2) 1.7470 0.5925 1.5529 0.5217 1.7470 0.5654 
O–O 2.0702 1.2202 2.0702 0.4989 2.0702 1.0105 

Ga(1)–O 1.0710 0.7808 0.9857 0.8868 1.0220 0.6504 
Gd–O 1.4727 0.2962 1.5758 0.6355 1.5307 0.5043 

Ga(2)–O 0.9732 0.8327 1.0606 0.7289 1.0156 0.5480 
Gd–Ga(1) 1.5192 0.2742 1.7362 0.2825 1.6277 0.3865 

Ga(1)–
Ga(2) 

1.5130 0.3124 1.7291 0.3353 1.7291 0.4997 

 

Listed values in general show that the mid-bond electron densities 

between Gd–Gd, Gd–Ga(2) and O–O decreases with the increase of the 

nominal concentration of Ce up to 1% and then increases for 3%. The  
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mid-bond electron density between Gd–O and Ga(1)–O increases with the 

increase of nominal concentration of Ce up to 1% and then decreases for 3%. 

These values show typically the bonding to be covalent with the increasing 

electron density at the mid-bond position with the increasing concentration of 

the Ce. The mid-bond electron density between Ga(2)–O decreases with the 

increase of the nominal concentration of Ce up to 3%. The mid-bond electron 

density between Gd–Ga(1) and Ga(1)–Ga(2) increases with the increase of the 

nominal concentration of Ce up to 3%. The bond lengths between the atoms 

are also modified with Ce doping effect and it leads to increase in the volume 

of the unit cell. 

The method to relate the energy of the incident photon to the band gap 

was proposed by Wood and Tauc [178]. According to their publication the 

optical band gap energy (Eg) of GGG:Ce (0.5, 1 and 3 mol%) have been 

calculated by fitting (αhυ)2 against energy (Eg) from the diffuse reflectance 

spectroscopy data. The energy gap values of GGG:Ce are presented in  

Table 11. The band gap value is not in linear trend with cerium dopant. The 

band gap value decrease then Ce doping concentration is 3 mol%. The electron 

density distribution is rearranged due to the doping effect in the host system 

and the mid-bond electron density between the atoms follows non-linearity at 

3 mol% of Ce3+. This rearrangement of electron density between the atoms 

affects band gap value of the chosen system. 

Table 11. Energy gap values of GGG:Ce 

Composition of Ce (mol%) Estimated band gap energy (eV) 
0.5 5.40 
1 5.43 
3 5.39 

 

3.1.4. Mixed-Metal Garnets Doped with Chromium 

The best photoluminescence in NIR light range (~730 nm) obtained 

with Cr3+ ion as a luminescence centre in GGG matrix. Consequently, other 

Cr3+-doped gallium garnets (Gd3Sc2Ga3O12 (GSGG), Y3Ga5O12 (YGG) and 
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Lu3Ga5O12 (LuGG)) were also synthesized and investigated [LIST OF 

AUTHOR’S PUBLICTIONS; Articles in journals; 1. A. Zabiliute et al., 

Applied Optics, 53 (2014) 907-914]. In this section the results of XRD, SEM, 

EDX, ICP-OES, PL, decay time and quantum efficiency measurements of 

Cr3+- doped GSGG, YGG and LuGG samples are presented. 

3.1.4.1. Investigation of Gd3Sc2Ga3O12:Cr3+ Garnets 

The list of Gd3Sc2Ga3O12 samples which were synthesized following 

synthesis III route are given in a Table 12.  

Table 12. The Gd3Sc2Ga3O12 samples synthesized following synthesis III route. 

Amount 
of Cr3+ 
mol% 

Gd3Sc2Ga3O12 
(GSGG) (heated 

1000 °C) 

Preparation 
temperature (°C) 

GSGG:Cr8 

3 GSGG:Cr3 
1000 GSGG:Cr8 

5 GSGG:Cr5 
8 GSGG:Cr8 

1300 1300GSGG:Cr8 
10 GSGG:Cr10 
12 GSGG:Cr12 

1400 1400GSGG:Cr8 
15 GSGG:Cr15 
20 GSGG:Cr20 1500 1500GSGG:Cr8 

 

The XRD patterns of the GSGG:Cr samples are presented in Fig. 26 

(A). As seen, the X-ray diffraction patterns of the GSGG samples doped with a 

different amount of chromium are very similar and confirm that in all cases the 

single-phase cubic garnets have been successfully synthesized by sol-gel 

processing. In order to understand phase formation during the sol-gel synthesis, 

the reaction products obtained at different temperatures were analysed. The 

XRD patterns of GSGG:Cr10 samples obtained after every synthesis step are 

given in Fig. 26 (B). These results show that cubic crystal structure of garnet 

already begins to form in the self-burning process, and is the dominant or the 

only obtained phase after heating at 800 °C. The diffraction peaks are broad 

confirming the poor crystallinity of the product. 



63 
 

10 20 30 40 50 60 70

15

0

12

10

8

5

3

(ICDD) 04-006-8283

20

2-Theta (degree)

In
te

ns
ity

 (
a.

u
.)

A)

10 20 30 40 50 60 70

800 oC

Ashen

(ICDD) 04-006-8283

1000 oC

2-Theta (degree)

In
te

ns
ity

 (
a.

u
.)

B)

 
Fig. 26. XRD patterns of GSGG and Cr3+ doped GSGG:Cr samples (A) and 

GSGG:Cr10 samples obtained after every synthesis step (B). Vertical lines 

represent standard XRD data of GSGG. 

Stoichiometry is a very important feature of mixed-metal oxides 

influencing or sometimes even determining the quality of physical properties 

of these compounds. Therefore, to know the real stoichiometry of metals in the 

multinary system is a very important task for materials scientists. When 

elements are combined resulting in a chemical reaction, the outcome of the 

reaction can be predicted on the basis of the elements and quantities involved. 

However, the real stoichiometry of metals which react at the experimental 

conditions can be different from the nominal stoichiometry. As the dopant 

element concentration rage were introduced to the GSGG and YGG matrixes 

are very large, the quantitative relationship between the reactants (calculated 

and expected) and the obtained products was inspected. The chemical 

composition of differently Cr3+-doped garnet structure compounds was 

analysed by ICP-OES and EDX, and compared with the nominal one. The 

empirical formulas were calculated for garnet series and compared with the 

theoretical formula. The ICP-OES and EDX analysis data obtained for the 

GSGG:Cr are summarized in Table 13. 

According to the ICP-OES results, the determined experimental molar 

ratio of metals was found to be Gd:Sc:Ga = 3:2:3 for GSGG. These results are 

in a very good agreement with the nominal composition of starting metal salts. 

Moreover, the determined amount of chromium was the same as the desired 
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concentration of the dopant element. Thus, the theoretical formula of GSGG is 

the same as the empirical formula of these synthesized garnets. 

Table 13. The elemental composition of the sol-gel derived GSGG:Cr garnets 

determined by ICP-OES (n = 3) and EDX: SEM TM3000 (n = 3) and the High 

Resolution SEM (HR SEM) (n = 3). 

Sample: 
GSGG:Cr 

0 3 5 8 10 12 15 20 

IC
P

-O
E

S
 

at
.%

 

Gd 3.06 3.08 3.02 3.05 2.93 2.96 3.00 2.98 

Sc 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

Ga 2.91 2.94 2.90 2.90 2.87 2.91 2.99 2.98 

Cr – 3.40 5.10 8.0 9.9 12.5 15.1 19.8 

S
E

M
 T

M
30

00
 

at
.%

 

Gd 3.04 3.15 3.05 3.18 3.02 2.97 2.97 2.95 

Sc 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

Ga 2.94 3.03 3.00 2.99 2.89 2.98 3.06 2.97 

Cr – 3.3 5.0 8.4 10.1 12.3 15.5 19.9 

H
R

 S
E

M
 

at
.%

 

Gd 3.03 2.98 2.96 3.07 3.00 2.95 3.02 2.93 

Sc 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

Ga 3.20 3.14 3.16 3.02 3.01 2.97 2.94 2.99 

Cr – 3.0 4.9 8.0 10.3 11.8 15.2 20.0 

 

As seen from the EDX results obtained for the GSGG:Cr specimens, the 

both scanning electron microscopes give comparable results with a high 

accuracy. Thus, the relevance of the EDX method for the determination of the 

chemical composition of the solid-state inert matrix and the dopant element is 

evident. We can conclude that sol-gel processing allowed us to perform a 

successful synthesis of GSGG with an exact amount of chromium dopant. 

The excitation (λem = 750 nm) and emission (λex = 450 nm) spectra of 

chromium doped GSGG samples are presented at Fig. 27. The PL spectra of 

differently chromium doped GSGG samples exhibit emission in NIR region 

(peak maximum at 750 nm). These phosphors have a broad PL band 

correspondent to the 4T2 → 4A2 transition. As is seen from excitation and 

emission spectra GSGG:Cr8 shows the highest emission intensity. 

Luminescence properties were further investigated by dopant-dependent 

luminescence life time measurements. The recorded PL decay curves of 
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GSGG:Cr samples as a function of Cr3+ concentration are given in Fig. 28. In 

order to calculate the PL decay lifetimes the decay curves for 450 nm 

excitation and 750 nm emission were fitted to bi-exponential function: 

 I(t) = A + B1e-t/τ1 + B2e-t/τ2  (Eq. 5) 

Here I(t) is PL intensity at a given time t; A is background; B1 and B2 are 

constants; and τ1 and τ2 are PL decay lifetimes. The obtained values are given 

in Table 14, as well calculated average PL lifetime values  are included. 
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Fig. 27. Excitation and emission spectra of GSGG:Cr. 

 
Fig. 28. PL decay curves of GSGG:Cr samples as a function of Cr3+ concentration 

(A). PL decay curves of GSGG:Cr with 3, 5 and 20 mol% samples, where 

solid red lines correspond to the bi-exponential fits (B). 

It is seen from Fig. 28 that the curves are steeper (decay process is 

faster) when Cr3+ concentrations are high, but the decrease in not coherent. The 

PL decay times for GSGG:Cr were found to be in the microsecond range and 
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are comparable to the results obtained for crystalline samples [179]. The results 

of PL lifetime correlate with PL intensities for GSGG:Cr8 (  = 299.89 µs), 

GSGG:Cr5 (  = 265.83 µs) and GSGG:Cr15 (  = 257.9 µs) samples. 

Table 14. The results of bi-exponential fitting calculation form PL decay curves of 

GSGG:Cr. 

Sample name τ1 (µs) τ1 (%) τ2 (µs) τ2 (%) , (µs) A χ² 
GSGG:Cr3 99.13 52.07 256.41 47.93 209.89 2.500 1.403 
GSGG:Cr5 138.01 60.97 345.57 39.03 265.83 3.523 1.568 
GSGG:Cr8 158.86 78.06 469.62 21.94 299.89 3.414 1.576 
GSGG:Cr10 83.65 77.92 334.43 22.08 216.85 2.047 1.419 
GSGG:Cr12 84.17 76.58 371.65 23.42 249.34 1.925 1.467 
GSGG:Cr15 80.20 76.05 377.71 23.95 257.90 1.592 1.428 
GSGG:Cr20 57.29 67.78 227.53 32.22 168.58 1.379 1.218 

 

The values of QE and optical properties are given in Table 15. For 

GSGG:Cr samples the PL intensity and the value of QE increased with the 

increase of amount of Cr3+, till it reached 8 mol%. This is expected, since the 

concentration of activator ions in the lattice is increased. However, at higher 

concentrations the PL intensities are decreasing, which might be caused by the 

concentration quenching. 

Table 15. Values of the QE of the GSGG:Cr powder samples. 

GSGG:Cr 3 mol% 5 mol% 8 mol% 
Internal QE (%), λex = 445 nm 0.6 1.3 1.6 

λex (nm) 470 473 474 
λem (nm) 757 758 759 

 

The influence of powder preparation temperature on the PL properties 

was analysed by synthesizing GSGG:Cr8 (the best value of QE from other 

samples prepared at 1000 °C) at higher, 1300, 1400 and 1500 °C, temperatures. 

The XRD patterns of GSGG:Cr8 samples synthesized at different temperatures 

are presented in Fig. 29. The Table 16 presents Full Weight at Half Maximum 

(FWHM) for the most intensive XRD peaks for correspondent [h; k; l] plane 

reflections of cubic GSGG:Cr8. 
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Fig. 29. XRD patterns of GSGG:Cr8 samples sintered at 1000 – 1500 °C 

temperatures. Vertical lines represent standard XRD data of GSGG. 

Table 16. Counted FWHM for most intensive XRD peaks of sintered GSGG:Cr8 

powder samples. 

(ICDD) 04-006-8283 FWHM 
2-Theta 
(degree) 

[h;k;l] 1000 °C 1300 °C 1400 °C 1500 °C 

28.44 [4;0;0] 0.2506 0.1589 0.1549 0.1263 
31.88 [4;2;0] 0.2691 0.1665 0.1610 0.1291 
35.02 [4;2;2] 0.2739 0.1683 0.1659 0.1334 
50.36 [4;4;4] 0.3097 0.1997 0.1914 0.1439 
52.56 [6;4;0] 0.3300 0.2042 0.1911 0.1468 
54.72 [6;4;2] 0.3377 0.2125 0.1600 0.1494 
58.84 [8;0;0] 0.3401 0.2235 0.2020 0.1502 
66.64 [8;4;0] 0.3876 0.2444 0.1600 0.1411 
68.5 [8;4;2] 0.4006 0.2423 0.1600 0.1322 
70.34 [6;6;4] 0.3910 0.2550 0.3463 0.1283 
82.82 [8;6;4] 0.4658 0.2537 0.1600 0.1262 
84.54 [10;4;2] 0.5882 0.2649 0.1600 0.1213 

 

Since the reflections are narrower, the crystallinity of the samples 

increases with increasing temperature. The values of FWHM of Bragg’s peak 

are largest for the sample heated at 1000 °C, and the values monotonically 

decrease by the increase of sintering temperature. By increasing sintering 
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temperature the particle size increases as well (Fig. 30). The average size of 

particles obtained at 1300 °C is ~237 nm, at 1400 °C – ~742 nm and at 

1500 °C – ~1.63 μm. 

 
Fig. 30. SEM micrographs of GSGG:Cr8 powders obtained at 1000 °C (a), 

1300 °C (b), 1400 °C (c) and 1500 °C (d). 

Excitation and emission spectra of GSGG:Cr8 heated at higher 

temperatures are presented in Fig. 31.  
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Fig. 31. Excitation and emission spectra of GSGG:Cr8 powders obtained at 

different temperatures. 

It is seen that the intensity of excitation and emission spectra’s increases 

with increasing the temperatures till 1400 °C. However, the phosphor prepared 

at 1500 °C shows smaller PL. More uniform crystallites with a better lattice 

a) b) 

c) d) 
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quality are obtained at higher temperatures, but dopants might cause defects in 

the crystalline lattice, which creates non-radiative transitions. 

The values of QE and maximums of excitation and emission spectra are 

given in Table 17. The values of QE of GSGG:Cr8 synthesized at different 

temperatures correlate with photoluminescence intensity. 

Table 17. Optical properties of the GSGG:Cr8 powder samples. 

GSGG:Cr8 1000 °C 1300 °C 1400 °C 1500 °C 
Internal QE (%), λex = 445 nm 1.6 19 21 19 

λex, nm 548.5 450 457 448 
λem, nm 736.5 750 759 756 

 

3.1.4.2. Investigation of Y3Ga5O12:Cr3+ Garnets 

The list of investigated Cr3+ doped Y3Ga5O12 samples is given in a 

Table 18.  

Table 18. The Y3Ga5O12 samples synthesized following synthesis III route. 

Amount 
of Cr3+ 
mol% 

Y3Ga5O12 
(YGG) (heated 

1000 °C) 

Preparation 
temperature 

(°C) 

YGG:Cr8 
powder 

YGG:Cr8.7 
pellet 

3 YGG:Cr3 
5 YGG:Cr5 1000 YGG:Cr8 YGG:Cr8.7 
8 YGG:Cr8 1100 - 1100YGG:Cr8.7 
10 YGG:Cr10 1200 - 1200YGG:Cr8.7 
12 YGG:Cr12 1300 1300YGG:Cr8 1300YGG:Cr8.7 
15 YGG:Cr15 1400 1400YGG:Cr8 1400YGG:Cr8.7 
20 YGG:Cr20 1500 1500YGG:Cr8 - 

 

The XRD patterns of synthesized YGG samples are shown in Fig. 32. 

As seen, the XRD patterns of the samples doped with a different amount of 

chromium agree with (ICDD) 00-043-0512 standardized data of Y3Ga5O12 

cubic garnet phase (s.g. no. 230). The beginning of garnet phase formation is in 

very early stage, i.e. already at self-propagating combustion process. 

The chemical composition of differently Cr3+-doped YGG has been 

investigated by ICP-OES and EDX techniques. According to the obtained 

results (Table 19), the determined molar ratio of metals in the synthesized 
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YGG garnets was found to be Y:Ga = 3:5. These results are in a good 

agreement with the nominal composition of precursors.  
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Fig. 32. XRD patterns of YGG and Cr3+ doped YGG:Cr samples (A) and 

YGG:Cr3 samples after every synthesis step (B). Vertical lines represent 

standard XRD data of YGG. 

Table 19. The elemental composition of the sol-gel derived YGG:Cr garnets 

determined by ICP-OES (n = 3) and EDX: SEM TM300 (n = 3) and the High 

Resolution SEM (HR SEM) (n = 3). 

Sample: 
YGG:Cr 

0 3 5 8 10 12 15 20 

IC
P

-O
E

S
 

at
.%

 Y 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

Ga 4.79 4.80 4.83 4.88 4.82 4.83 4.86 4.83 

Cr – 2.9 5.0 8.3 9.8 12.4 15.3 20.2 

S
E

M
 

T
M

30
00

 

at
.%

 Y 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

Ga 4.95 5.05 4.87 4.94 4.96 5.03 5.11 4.99 

Cr – 3.1 5.4 8.08 10.3 11.7 14.6 19.8 

H
R

 S
E

M
 

at
.%

 Y 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

Ga 4.84 5.18 5.14 5.09 4.93 5.07 4.87 5.19 

Cr – 3.0 4.8 7.26 10.1 12.1 15.4 19.6 

 

As seen, the both scanning electron microscopes provide analogous 

EDX results with a high accuracy. Moreover, the determined amount of 

chromium was the same as the desired concentration of the dopant element. 

Thus, the theoretical formula of YGG is the same as the empirical formula of 

these synthesized garnets. 
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The excitation and emission spectra of differently Cr3+ doped YGG 

samples annealed at 1000 °C are shown in Fig. 33. 
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Fig. 33. Excitation and emission spectra of YGG:Cr samples. 

Cr-doped materials can exhibit a broad band 4-level system, if a crystal 

field is low at the Cr site and/or a large Stokes-shift of the 4T2 level yields a 
4A2→4T2 splitting which is similar or even smaller than the 4A2→2E splitting. 

Thus, most of the fluorescence is channelled into the broad band 4T2→4A2 

transition [180], like was observed for GGG:Cr and GSGG:Cr samples. In the 

excitation spectra two broad bands at around 450 nm and 620 nm that 

correspond to 4A2→4T1 and 4A2→4T2 transitions, respectively, are clearly seen. 

Weak crystal fields lead to broad 4T2→4A2 fluorescence and when crystal field 

is strong the lowest excited state is the 2E-level, and at room-temperature the 

radiative decay occurs mainly via the sharp 2E→4A2 transition (R-lines) [61]. 

The crystal-field strength mainly depends on the chemical composition of 

phosphors and on the Cr3+-O distance in a matrix. When the distance is 

decreasing the crystal-field strength increase [181]. As PL measurements in 

this study were held at room temperatures the characteristic sharp and intense 

lines correspondent to the 2E→4A2 are not well seen, because the R-lines and 

their attendant vibronic sideband decrease in intensity and a broad emission 

band partially overlapping the R-line region [61, 106, 173, 181, 182]. A broad 

PL band in the far-red region due to the 2E2→4A2 transition and peaks at 

around 710 nm is seen for all samples investigated by us. The highest 
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intensities were observed from YGG:Cr8 samples at both emission and 

excitation spectra. 

The decay kinetics of Cr3+ luminescence in YGG polycrystals shows 

non-single exponential behaviour (Fig. 34). 

 
Fig. 34. PL decay curves of YGG:Cr samples as a function of Cr3+ concentration 

(A). PL decay curves of YGG:Cr with 3, 8 and 20 mol% samples (B). Solid 

red lines correspond to the bi-exponential fits. 

Such behaviour is common for the most of Cr3+ doped gallium garnets 

[173, 181]. The decomposition of the respective decay curves in to elementary 

components demonstrates the existence of two components τ1 and τ2 with 

average decay times  = 360 – 700 μs. The decays were decomposed into two 

exponents (Table 20). The average decay constants were calculated and 

assumed to represent the lifetimes of YGG:Cr. The decrease of the Cr3+ ions 

lifetime in the high concentrated samples under excitation λex = 450 nm 

indicates that the Cr3+ ↔ Cr3+ energy transfer occurs. 

Table 20. The results of bi-exponential fitting calculation form PL decay curves of 

YGG:Cr samples. 

Sample name τ1 (µs) τ1 (%) τ2 (µs) τ2 (%) , (µs) A χ² 
YGG:Cr3 341.34 31.40 780.94 68.60 707.65 0.618 1.010 
YGG:Cr5 304.43 33.54 738.70 66.46 663.93 0.947 1.118 
YGG:Cr8 291.73 33.39 626.82 66.61 563.43 0.969 1.075 
YGG:Cr10 235.26 32.89 567.96 67.11 511.82 2.068 1.154 
YGG:Cr12 231.44 36.99 590.00 63.01 522.88 2.005 1.220 
YGG:Cr15 192.63 56.73 455.87 43.27 362.02 2.061 1.227 
YGG:Cr20 179.50 90.17 838.29 9.83 401.75 1.852 1.403 
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The values of QE and optical properties are given in Table 21. As was 

observed for GSGG:Cr samples, the value of QE and the PL intensity of 

YGG:Cr increased with the increase the amount of Cr3+ till the dopant 

concentration reached 8 mol%. However the QE values of YGG:Cr8 is more 

than 10 times larger (18%). 

Table 21. The QE values of the 3, 5 and 8 mol% of Cr3+ doped YGG powder 

samples. 

YGG:Cr 3 mol% 5 mol% 8 mol% 
Internal QE (%),λex = 445 nm 13 12 18 

λex (nm) 444.5 444.5 442 
λem (nm) 711 710 710 

 

The highest QE was obtained from YGG:Cr8 powders synthesized at 

1000 °C temperature. The influence of preparation temperature on the PL 

properties was analysed by synthesizing YGG:Cr8 at higher temperatures 

(1300, 1400 and 1500 °C). YGG doped with 8.7 mol% of Cr3+ pellets were 

prepared at 1000, 1100, 1200, 1300 and 1400 °C temperatures. The XRD 

patterns of YGG:Cr8 powders and YGG:Cr8.7 pellets synthesized at different 

temperatures are presented in Fig. 35. From the presented XRD patterns is seen 

that powders and pellet samples perfectly fit with standard data of YGG. 
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Fig. 35. XRD patterns of YGG:Cr8 powders (A) and YGG:Cr8.7 pellets (B) 

annealed at 1000 – 1500 °C temperatures. Vertical lines represent standard 

XRD data of GGG. 
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The Table 22 summarizes FWHM values of most intensive XRD peaks 

of YGG:Cr8 powders and YGG:Cr8.7 pellets calculated at different 

temperatures. The values of FWHM of YGG:Cr8 decrease by increasing 

temperature from 1000 to 1400 °C. However, FWHM values of 1500YGG:Cr8 

are higher than for 1400YGG:Cr8 sample. FWHM values of pelletized samples 

are notably lower in comparison with powdered samples. However, the trend 

of decrease by the increasing the temperature is not obtained. The smallest 

FWHM values were observed for the 1400YGG:Cr8.7 pellets. 

Table 22. FWHM for most intensive XRD peaks of YGG:Cr8 powders and 

YGG:Cr8.7 pellets. 

(ICDD)  
00-043-0512 

FWHM 
YGG:Cr8 powder X °C YGG:Cr8.7 pellet X °C 

2-Theta 
(degree) 

[h;k;l] 1000 1300 1400 1500 1000 1300 1400 

29.12 [4;0;0] 0.2325 0.1526 0.1445 0.1641 0.1387 0.1526 0.1276 
32.64 [4;2;0] 0.2452 0.1594 0.1490 0.1680 0.1442 0.1594 0.1246 
35.85 [4;2;2] 0.2569 0.1650 0.1532 0.1694 0.1461 0.1650 0.125 
51.60 [4;4;4] 0.3327 0.1915 0.1600 0.1724 0.1391 0.1915 0.1217 
53.88 [6;4;0] 0.3458 0.1936 0.1600 0.1747 0.1398 0.1936 0.1177 
56.08 [6;4;2] 0.3379 0.1989 0.1600 0.1756 0.1416 0.1989 0.1197 
60.34 [8;0;0] 0.3866 0.2001 0.1600 0.1749 0.1407 0.2001 0.1163 
68.38 [8;4;0] 0.4238 0.2020 0.1529 0.1547 0.1434 0.2020 0.1139 
70.31 [8;4;2] 0.4188 0.2039 0.1459 0.1479 0.1403 0.2039 0.1138 
72.22 [6;6;4] 0.3869 0.1969 0.1409 0.1431 0.1412 0.1969 0.1129 
85.17 [8;6;4] 0.4944 0.1915 0.1265 0.1223 0.1512 0.1915 0.1143 

 

The morphology of powders was investigated by SEM. The 

representative SEM micrographs are given in Fig. 36. The particle size of 

YGG:Cr8 powders increases with increasing temperature. The average size of 

particles synthesized at 1300 °C was ~705 nm, a 1400 °C – ~1.51 μm and at 

1500 °C – ~2.04 μm. 

The room temperature excitation and emission spectra of YGG:Cr8 

powders annealed at 1000, 1300, 1400 and 1500 °C are shown in Fig. 37. The 

characteristic sharp and intense lines (the R-lines) correspondent to the 
2E→4A2 transitions are not well seen and are partially overlapped with a broad 
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emission band. The highest intensity of PL were observed from YGG:Cr8 

powders prepared at 1500 °C, however, the highest intensity of excitation was 

observed from 1400YGG:Cr8 powders. 

 
Fig. 36. SEM micrographs of YGG:Cr8 powders synthesized at 1000 °C (a), 

1300 °C (b), 1400 °C (c) and 1500 °C (d). 
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Fig. 37. Excitation and emission spectra of YGG:Cr8 powders annealed at 1000, 

1300, 1400 and 1500 °C. 

The Table 23 presents values of internal QE of both powders and 

pellets. The QE values of powder and pellet samples differ drastically despite 

that doping concentration is different only slightly. The pressing powders in to 

pellets promote growth of particles and increase crystallinity, which 

a) b) 

c) d) 
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significantly affects optical properties. The internal QE of YGG:Cr8.7 pellets 

reaches even 55%. 

Table 23. The internal QE (%, λex = 445 nm) values of the YGG:Cr8 powders and 

YGG:Cr8.7 pellets obtained at different temperatures. 

Annealing  
temperature 

QE (%) of the  
YGG:Cr8 powders 

QE (%) of the  
YGG:Cr8.7 pellets 

1000 °C 18 23 
1100 °C – 49 
1200 °C – 53 
1300 °C 46 55 
1400 °C 33 55 
1500 °C 32 – 

 

3.1.4.3. Investigation of Lu3Ga5O12:Cr3+ Garnets 

In this section the results of characterization and PL properties of 

Lu3Ga5O12 (LuGG) and Cr3+ doped LuGG powder samples will be discussed. 

The list of synthesized materials is given in a Table 24. 

Table 24. The Lu3Ga5O12 samples synthesized following synthesis III route. 

Amount of 
Cr3+ mol% 

Lu3Ga5O12 
(LuGG) (heated 

1000 °C) 

Preparation 
temperature (°C) 

LuGG:Cr3 

1000 LuGG:Cr3 
3 LuGG:Cr3 1300 1300LuGG:Cr3 
5 LuGG:Cr5 1400 1400LuGG:Cr3 
8 LuGG:Cr8 1500 1500LuGG:Cr3 

 

XRD patterns of LuGG:Cr samples synthesized at 1000 °C are depicted 

in Fig. 38. It is clearly seen that XRD patterns of synthesized samples perfectly 

fit with the standard XRD data of Lu3Ga5O12. Besides, the introduced amount 

of Cr3+ does not influence the phase purity of garnet. 

The excitation and emission of LuGG:Cr were monitored at room 

temperature and the spectra are presented in Fig. 39. As it is seen the emission 

spectra of LuGG:Cr show inhomogeneous broad band width, and fluorescence 

is associated to the 2E→4A2 transition. The decrease of the emission at 705 nm 

(λex = 450 nm) intensities for the samples with higher concentration of Cr3+ 
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indicates that the Cr3+↔Cr3+ energy transfer occurs, which causes an increase 

of the nonradiative transition probability. 
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Fig. 38. XRD patterns of LuGG and Cr3+ doped LuGG samples. Vertical lines 

represent standard XRD data of Lu3Ga5O12. 

400 500 600 700 800

3.10 2.48 2.07 1.77 1.55

  Ex (
em

 = 705 nm)

  Em (
ex

 = 450 nm)

In
te

n
si

ty
 (

a
.u

.)

 Photon energy (eV)

Wavelength (nm)

  Cr 3
  Cr 5
  Cr 8

 
Fig. 39. Excitation and emission spectra of LuGG:Cr samples. 

To gain insight of efficiency the internal QE were calculated from 

results of independently performed measurements in the sphere after 445 nm 

excitation. The QE results are presented in Table 25. The highest QE value 

(11%) is obtained for LuGG:Cr3. 

Table 25. Values of the QE of the LuGG:Cr powder samples. 

LuGG:Cr 3 mol% 5 mol% 8 mol% 
Internal QE (%),λex = 445 nm 11 6.5 3.6 

λex (nm) 549 547.5 549.5 
λem (nm) 705 706 706 
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The LuGG:Cr3 powders were also prepared at 1300, 1400 and 1500 °C 

temperatures. XRD patterns of obtained samples are given in Fig. 40, and 

FWHM calculated for the most intensive peaks are listed in Table 26. 
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Fig. 40. XRD patterns of LuGG:Cr3 samples annealed at 1000 – 1500 °C 

temperatures. Vertical lines represent standard XRD data of LuGG. 

Table 26. FWHM for most intensive XRD peaks of sintered LuGG:Cr3 powder 

samples. 

(ICDD) 04-006-4055 FWHM 
2-Theta 
(degree) 

[h;k;l] 1000 °C 1300 °C 1400 °C 1500 °C 

29.32 [4;0;0] 0.1982 0.1211 0.1182 0.1429 
32.88 [4;2;0] 0.2035 0.1205 0.1165 0.1434 
36.12 [4;2;2] 0.1979 0.1196 0.1165 0.1472 

52 [4;4;4] 0.1998 0.1141 0.1031 0.1487 
54.3 [6;4;0] 0.2014 0.1144 0.1024 0.1524 
56.54 [6;4;2] 0.2021 0.1145 0.1020 0.1587 
60.84 [8;0;0] 0.2085 0.1139 0.1010 0.1548 
68.94 [8;4;0] 0.2124 0.1123 0.1004 0.1585 

 

It is seen that the garnet as cubic crystalline phase is determined in all 

LuGG:Cr3 samples. However, the calculated FWHM demonstrate unexpected 

increase of peak width for the XRD pattern of 1500LuGG:Cr3 sample. This 

might be associated with formation of defects, for instance microstrains [174]. 
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The SEM micrographs are presented in Fig. 41. It is clearly seen that 

with increasing temperature from 1000 °C to 1500 °C the particle size 

increases drastically. Average size of particles heated at 1300 °C is ~689 nm, 

at 1400 °C – ~1.42 μm and at 1500 °C – ~1.81 μm. 

 
Fig. 41. SEM micrographs of LuGG:Cr3 powders annealed at 1000 °C (a), 

1300 °C (b), 1400 °C (c) and 1500 °C (d). 

The room temperature excitation and emission spectra of LuGG:Cr3 

powders annealed at higher temperatures (1000, 1300, 1400 and 1500 °C) are 

shown in Fig. 42. 
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Fig. 42. Excitation and emission spectra of LuGG:Cr3 powder sintered at 1000, 

1300, 1400 and 1500 °C temperatures. 

a) b) 

c) d) 
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Excitation bands with maxima near 450 and 600 nm correspond to the 

transitions of Cr3+ ions from the ground state to the excited levels. The 

investigated powder samples have a broad PL band in the far-red region due to 

the 2E2 → 4A2 transition. There is a wide band in the spectral region 620 –

 820 nm with a maximum at λ = 705 nm in the luminescence spectra of 

LuGG:Cr3 samples (λex = 450 nm). The structure of 2E level transition is not 

observed over an intensive luminescence background in a wide band 

corresponding to 4T2-4A2 transitions. The notable increase of luminescence 

band intensity is observed when the sample preparation temperature is 

increased from 1000 to 1500 °C, possibly, due to the formation of more 

uniform crystallites with a better lattice quality at high temperature. However, 

the notable decrease of QE is observed (Table 27) for 1500LuGG:3 powders 

compared with 1400LuGG:Cr3 and 1300LuGG:Cr3. 

Table 27. Optical properties of the LuGG:Cr3 powder samples. 

LuGG:Cr3 1000 °C 1300 °C 1400 °C 1500 °C 
Internal QE (%), λex = 445 nm 11 19 20 17 

λex, nm 549 438 438 437 
λem, nm 705 706 706 705 

 

 

3.2. Synthesis and Characterization of Glaserite-Type Structure 

Compounds 

3.2.1. Preparation of Ca3MgSi2O8 

Merwinite, Ca3MgSi2O8 (CMSO), is the most famous member among 

this group of compounds. In this part of PhD thesis, the results on the sol-gel 

and solid-state syntheses of Ca3MgSi2O8 are presented. 

3.2.1.1. Peculiarities of Sol-Gel Processing 

The TG-DTA curves of CMSO precursor glycolate gel are shown in 

Fig. 43.  
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Fig. 43. TG-DTA curves of CMSO precursor gel obtained after heating at 500 °C. 

The TG curve shows the monotonical mass loss till ~500 °C. At higher 

temperature the abrupt mass loss (11.6%) was observed with association of two 

endothermal processes determined at the 743 and 842 °C in the DTA curve. 

With further increasing the temperature, again the monotonical mass loss is 

seen in the TG curve. The total mass loss at 1200 °C is about ~15%. Thus, the 

heat treatment temperatures (500, 650, 800, 900, 1000, 1100 and 1200 °C) 

were chosen for the synthesis of CMSO phase. 

The XRD patterns of the samples obtained at 500, 650 and 800 °C are 

presented in Fig. 44. 
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Fig. 44. XRD patterns of CMSO precursor powders heated at 500, 650 and 

800 °C. Vertical lines represent standard XRD data of Ca3MgSi2O8 (ICDD) 

04-011-6738. 



82 
 

As it is seen from the XRD results, the desired monophasic compound 

is not obtained, however, the XRD pattern of the product heat-treated at 800 °C 

show intensive peaks attributable to merwinite. The XRD pattern also contains 

diffraction peaks attributable to the MgO impurity phase (ICDD 00-045-0946). 

Nevertheless, this temperature (800 °C) was chosen as pre-annealing 

temperature, because the TG results show the samples mass loss and at higher 

temperatures. The XRD patterns of the samples obtained at 900, 1000, 1100 

and 1200 ℃ are depicted at Fig. 45.  
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Fig. 45. XRD patterns of CMSO powders heated second time at 900, 1000, 1100 

and 1200 °C. Vertical lines represent standard XRD data of Ca14Mg2(SiO4)8 

(ICDD) 00-036-0399. 

As it is seen, the single phase Ca3Mg(SiO4)2 is not obtained after second 

heating at any higher temperature. Moreover, after heating at 1200 °C the more 

pronounced multiphasic product has formed. The calcium magnesium silicate, 

bredigite, (Ca14Mg2(SiO4)8) has formed as side phase in all of the cases. 

Orthorhombic Ca14Mg2(SiO4)8 (ICDD 00-036-0399) is the main phase of 

synthesis product prepared at 1200 °C, along with impurity MgO phase. 

Samples heated at lower temperatures (900 – 1100 °C) are composed from 

several phases and it is seen that MgO impurity phases is forming as well. 

After heating at 1000 °C, the XRD pattern of synthesis product fits with 

merwinite pattern, but the formation of minor amount of MgO phase is also 

determined. 
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Sol-gel synthesis of Ca3Mg(SiO4)2 using TRIS as complexing agent and 

a fuel for self-combustion agent required different heating procedure. As self-

propagated burning is not completely finished during heating on the hot-plate 

much slower furnace heating procedure was chosen. The temperature was 

increased up to 500 °C by 1 °C/min and held for 4 h, then additionally heated 

for 4 h at 600 °C. The last heating for 4 h was performed at 800 °C. The XRD 

patterns of resulted powders are presented in Fig. 46. Despite some impurities 

of MgO and SiO2, the main phase of merwinite was obtained [119] and (ICDD 

00-011-6738). However, the peaks at 2 = 30o and 32o were not attributed to 

any crystalline phase. 
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Fig. 46. XRD patterns of sol-gel derived CMSO using TRIS prepared at 800 °C. 

Vertical lines represent standard XRD data (ICDD) 00-011-6738 of 

Ca3MgSi2O8. 

3.2.1.2. Solid-State Reaction Synthetic Approach 

In the solid-sate synthesis the necessary amounts of starting materials 

were mixed by ball mill and dried. The TG-DTA curves of dried precursor 

mixture are shown in Fig. 47. Five thermal events at ~115, ~237, 379, 583 and 

789 °C could be observed in the DTA curve. The slope of TG curve at ~115 °C 

is related to the dehydration of magnesium precursor. According to literature 

[183] this process could last till 250 °C. In the temperature range of 250 –

 350 °C, the 4MgCO3ꞏMg(OH)2 decomposes to MgCO3 and MgO. However, 
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NH4Cl, used as a flux, melts in the same temperature range (338 °C). The mass 

loss observed at highest temperature, ~779 °C, accompanied with very 

intensive endothermic peak in the DTA curve, is associated to the 

decomposition of CaCO3. The total mass loss (35.3%) calculated from the TG 

curve is almost the same as theoretical (37.74%). 
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Fig. 47. TG-DTA curves of mixture of starting materials for CMSO after ball 

milling and drying. 

Fig. 48 represents XRD patterns of the synthesis products obtained by 

heating the precursor mixtures at 1150, 1200 and 1250 °C.  
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Fig. 48. XRD patterns of CMSO samples prepared by solid-state method at 

different temperatures. Vertical lines represent standard XRD data of 

Ca3MgSi2O8 (ICDD) 00-011-6738. 
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As seen from XRD patterns, the monophasic Ca3Mg(SiO4)2 was 

obtained only at 1200 °C. Interestingly, a little variation of temperature (by 

50 °C) has strong effect on the phase purity of end product. The both sample, 

annealed at 1150 and 1250 °C contain MgO impurity phase.  

3.2.2. Preparation of Ba3CuSi2O8 

In this part of PhD thesis, the results on the sol-gel, solid-state syntheses 

and TSFZM of barium and copper substituted Ba3Cu(SiO4)2 (BCSO) 

compound are presented. 

3.2.2.1 Peculiarities of Sol-Gel Processing 

The attempt to prepare BCSO compound with glaserite-type structure 

using sol-gel processing with 1,2-ethylenglycol (1SG-BCSO) or TRIS  

(2SG-BCSO) was investigated. The samples were prepared according to 

previously developed sol-gel syntheses methods for the pure YBa2Cu4O8 [184, 

185] and strontium-substituted Y(Ba1−xSrx)2Cu4O8 superconductors [186]. Self-

burning processes were initiated on hot plate, and remaining powders were 

analysed using TG-DTA (Fig. 49). 
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Fig. 49. TG-DTA curves of 1SG-BCSO (A) and of 2SG-BCSO (B) samples after 

self-burning processes. 

From the TG curves we can see that the mass loss for both samples is 

more than 36% in the measured temperature range. The decomposition of  

1SG-BCSO sample occurs via five stages at ~270, ~410, 582, 960 and 

1050 °C. While 2SG-BCSO sample decomposes in three stages at 366, 576 
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and 1004 °C. Thermogravimetric behaviour till ~260 °C is likely similar for 

both gel samples, however, the main decomposition of gels in the temperature 

range of 260 – 570 °C differs essentially. The 1SG-BCSO sample decomposes 

in two stages at 268 °C and 408 °C which are associated with the 

decomposition of metal coordination compounds with ethylene glycol. This 

process is related with exothermic process seen in the DTA curve [187]. The 

exothermic decomposition of 2SG-BCSO sample in the range of 250 – 460 °C 

is attributed to the decomposition of metal coordination compounds with TRIS 

(mass loss ~20%). For both analysed samples the endothermic peaks at ~570 –

 580 °C in the DTA curves were observed, which could be associated to the 

decomposition of remaining Ba(NO3)2. The mass loss in the temperature range 

of 800 – 1000 °C corresponds to the decomposition of BaCO3. The 

endothermic peak seen at 1042 °C in the DTA curve of 1SG-BCSO sample 

could be attributed to the reduction of CuO to Cu2O [188]. 

The 1SG-BCSO and 2SG-BCSO samples after self-burning processes 

were pressed in to pellets and preheated at 500 and 600 °C. As seen from  

Fig. 50, in the case of 1SG-BCSO samples the desired phase has not formed. 

The main crystalline phase is BaCO3. However, in the case of 2SG-BSCO, 

different phases have formed after self-burning process (BaCO3, Ba(NO3)2, 

CuO), after heating at 500 °C (BaCO3) and after heating at 600 °C (BaCO3, 

Ba2SiO4). 

SEM-EDX analyses were performed for both 1SG-BCSO and  

2SG-BCSO samples heated at 600 °C. Obtained results showed that elemental 

distribution in the samples is homogeneous. However, elemental ratio in the 

2SG-BCSO sample (Ba:Cu:Si = 2.5:1.1:1) is different from the desired 

(Ba:Cu:Si = 3:1:2). Thus, the Ba3Cu(SiO4)2 phase was not obtained during 

both sol-gel processing routes. 

The 1SG-BCSO sample after preheating at 600 °C was re-grinded and 

secondly pressed in to pellet and then heated at 1000 °C for 24 h. XRD pattern 

of 1SG-BCSO sample calcined at 1000 °C temperature is depicted at Fig. 51. 

Apparently the mixture of phases (Ba2SiO4, CuO and BaCO3) was obtained. 
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Ba2SiO4 is formed as a main phase. Consequently, further heating procedure 

does not promote the phase formation. 
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Fig. 50. XRD patterns of 1SG-BCSO (A) and 2SG-BCSO (B) samples, after  

self-burning processes and heated at 500 °C and 600 °C temperatures. Vertical 

lines represent standard XRD data. 

3.2.2.2. Solid-State Reaction Synthetic Approach 

The attempt to prepare Ba3CuSi2O8 (BCSO) compound with glaserite-

type structure using solid-state reaction from starting materials BaCO3, CuO 

and SiO2 was investigated. The sample is named 1SS-BCSO.  

The homogenized and dried (1SS-BCSO) precursors were analysed by 

TG-DTA method (Fig. 52).  
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Fig. 51. XRD pattern of 1SG-BCSO sample heated at 1000 °C. Vertical lines 

represent standard XRD data of Ba2SiO4 (ICDD) 00-025-1403. 
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Fig. 52. TG-DTA curves of mixture of starting materials for 1SS-BCSO and 

preheated mixture at 875 °C samples. 

The TG curve of precursor showed that complete mass loss up to 

1200 oC is not obtained. Therefore, in order to achieve full decomposition of 

BaCO3 the prepared mixture of starting materials was pre-heated at 875 °C for 

12 h, and the TG-DTA measurement was performed on the pre-heated sample. 

From both DTA curves is seen that decomposition is accompanied by three 

endothermic peaks at 812, 963 and 1054 °C, which are assigned to the 

decomposition of BaCO3, formation of Ba2SiO4 phase and CuO reduction to 

Cu2O, respectively. The small increase of mass at 1127 °C is obtained only for 

the pre-heated sample. Thus, the 1SS-BCSO sample was second time annealed 
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at higher temperature of 1075 oC for 12 h. Both obtained samples, before and 

after second annealing, are composed of several phases (Fig. 53). 
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Fig. 53. XRD patterns of 1SS-BCSO samples heated at 875 °C (A) and 1075 °C 

and 2SS-BCSO sample heated two times at 875 °C (B). Vertical lines 

represent standard XRD data of Ba2SiO4 (ICDD) 00-026-1403. 

The 1SS-BCSO sample obtained at 875 °C still contains very small 

amount of BaCO3. However, the obtained main phase is orthorhombic Ba2SiO4 

((ICDD) 00-0260-1403) and minor amount of CuO and BaCuO2 phases also 

exists. The XRD pattern of the sample obtained at 1075 °C contains reflections 

of both BaSiO3 and Ba2SiO4 phases. The 1SS-BCSO sample heated at 1075 °C 

has CuO and SiO2 impurities as well. 

In the next step, the BaO2 was selected as starting Ba source instead of 

BaCO3. The synthesized sample was named as 2SS-BCSO. The XRD pattern 

of the 2SS-BCSO sample is given at Fig. 53 (B). Again, the main phase is 



90 
 

orthorhombic Ba2SiO4 and no traces of barium copper silicate have formed. 

The CuO impurity phase is also well seen in the XRD pattern.  

According to BaO-SiO2 phase diagrams published in [189, 190], the 

Ba2SiO4 phase is forming at low temperature and is stable till 1877 °C, and at 

around 1050 °C, the formation of Ba3CuSi2O8 compound could be possible: 

  (3) 
  (4) 

Single phase Ba2SiO4 powders were obtained after pre-heating at 

875 °C and annealing at 1075 °C of mixture of BaCO3 and SiO2. The obtained 

monophasic Ba2SiO4 powders along with CuO and SiO2 were mixed and 

annealed at 1075 °C for 24 h. The TG-DTA analysis of prepared mixture 

showed endothermic DTA peak at around 1050 °C and sample mass loss less 

than 2% (1.7%) up to 1250 °C. However, the XRD pattern of product obtained 

at 1075 °C (Fig. 54) show that Ba2SiO4 phase is the main in the sample. 
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Fig. 54. XRD pattern of Ba2SiO4, CuO and SiO2 mixture heated at 1075 °C. 

Vertical lines represent standard XRD data. 

In conclusion, the suggested synthesis pathways were not fruitful and no 

trace of Ba3CuSi2O8 phase was obtained. For further investigations, as possible 

route might be used the following reaction: 

  (5) 

Since the starting materials BaCuO2 (mp 1060 oC), Ba2CuO3 (mp 

987 oC) and Ba2Si3O8 (mp 1447 oC) have comparably low melting 
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temperatures the reaction (5) could be promising to obtained the desired 

compound. 

3.2.2.3. Travelling Solvent Floating Zone Method 

The TSFZM was used for the synthesis of Ba3CuSi2O4 single crystal. 

The cuts of as prepared rods and after processing at TSFZM crystal growth 

furnace were analysed by XRD and SEM-EDX (Fig. 55-57, Table 28).  
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Fig. 55. XRD patterns of prepared rods (I) and middle of product rods (II) after  

1I-BCSO (A) and 2I-BCSO (B) processing. 

Feed and seed rods were prepared from the mixtures of precursor 

materials and used for the growth processes. Due to the non-congruently 

melting of materials in the prepared rods and very large melting temperature 

difference the unstable melt was caused during the growth, and optimal growth 

conditions were not found. 
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The small pieces of the final polycrystalline product were cut by 

diamond saw from lower and upper parts, which correspond to the beginning 

and ending of growth, respectively. The XRD patterns show that in the 

prepared rods there are larger or smaller amounts of Ba2SiO4 phase, especially 

in the case of 1I-BCSO. Besides, the small amount of SiO2 still remains 

unreacted. Fast preheating (1 h) at 900 °C of 2I-BCSO rod stimulates 

formation of BaCO3, Ba2SiO4 and BaSiO3 phases with unreacted SiO2. 

Moreover, the rod also contains small amount of CuO, BaO and BaO2 phases. 

Large amount of BaCO3 was formed in the case of 3I-BCSO as well. However, 

this phase decomposes during second heating at TSFZ furnace. 
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Fig. 56. XRD patterns of prepared rods (A) and cuts from product rod (B) from  

3I-BCSO process. XRD pattern of preheated at 750 °C is (I) and pattern (II)  

of second time heated in the TSFZM furnace (A). XRD pattern (I) is cut  

from bottom and pattern (II) is cut from top of product after processing at 

TSFZM (B). 
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The XRD patterns of samples after processing in TSFZ furnace contain 

peaks attributable to barium silicates and copper oxides phases, and in some 

cases barium cuprate phase. The XRD results from cuts of 3I-BCSO product 

from bottom and upper parts of rod show the formation of BaSiO3 and Ba2SiO4 

phases. However, a copper oxide does not form at the end of processing. These 

results imply that compound with copper has lower melting temperature and 

could be lost during the growth by unstable melt. 
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Fig. 57. SEM micrographs of upper (at top) and bottom cut parts from rods after  

1I-BCSO, 2I-BCSO and 3I-BCSO TSFZM processing. 

Table 28. The elemental composition of the TSFZM derived samples determined by 

EDX. 

Sample 
Atom% Atomic ratio 

Ba Cu Si Ba : Cu : Si 

1I-BCSO 
Top 44.73 11.79 43.48 3.79 1.00 3.69 

Bottom 49.70 7.94 42.35 6.26 1.00 5.33 

2I-BCSO 
Top 45.28 12.11 42.61 3.74 1.00 3.52 

Bottom 45.32 9.04 45.63 5.01 1.00 5.05 

3I-BCSO 
Top 40.17 7.26 52.57 5.53 1.00 7.24 

Bottom 37.71 7.99 54.29 4.72 1.00 6.79 

 

The Fig. 57 presents SEM micrographs of cut pieces from 1I-BSCO,  

2I-BSCO and 3I-BSCO products. It is seen, that phases are strongly separated 

and crystals at the upper parts from rods are larger in comparison with cut from 

bottom parts. The results in the Table 28 represent average elemental 
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composition at the beginning and at the end of growth process. Surprisingly, 

the desired elemental ratio of Ba:Cu:Si = 3:1:2 is not achieved in all presented 

samples. 

3.2.3. Preparation of Ca3Mg1-xCuxSi2O8 

There are many of articles about synthesis, structure or properties of 

compounds when calcium is replaced by barium or strontium in the 

Ca3Mg(SiO4)2. However, in our knowledge, were no publications when 

magnesium is replaced by other elements like copper or nickel. The attempt to 

prepare Ca3Mg1-xCux(SiO4)2 compound using sol-gel and solid-state reaction 

methods was aimed in this part of thesis. 

3.2.3.1. Peculiarities of Sol-Gel Processing 

The XRD patterns of Ca3Mg0.9Cu0.1Si2O8 (SG-CMC1SO) and 

Ca3Mg0.8Cu0.2Si2O8 (SG-CMC2SO) samples prepared by sol-gel synthesis are 

presented at Fig. 58. The XRD patterns of both resulting powders show that 

samples are composed of few phases (merwinite phase is overlapping with 

bredigite (formula Ca14Mg2(SiO4)8), CuO and MgO). Thus after first heating at 

800 °C SG-CMC2SO powder were split in to two parts, from one part pellet 

were pressed. The second heating performed at 1050 °C. The obtained 

powdered and pelletized products contain the mixture of merwinite, bredigite 

and MgO phases. It is clearly seen that pellet sample has better crystallinity 

with the main bredigite phase. 

3.2.3.2. Solid-State Synthesis Approach 

The Ca3Mg0.8Cu0.2Si2O8 compound was synthesized using the same 

conditions as for Ca3MgSi2O8. The Cu2(CO3)(OH)2 (sample 1SS-CMC2SO) 

and CuO (sample 2SS-CMC2SO) were used as a Cu source. The XRD patterns 

of the synthesis products obtained at 1200 °C are presented at Fig. 59. The flux 

(NH4Cl) was used in this synthesis. The XRD patterns of both samples show 

that obtained products are not single phase, and mixture of merwinite and 

bredigite with MgO impurity has formed. 
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Fig. 58. XRD patterns of SG-CMC1SO (A) and SG-CMC2SO (B) samples heated 

at 800 and 1050 °C temperatures. Vertical lines represent standard XRD data 

of Ca3MgSi2O8 (ICDD) 04-011-6738. 
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Fig. 59. XRD patterns of 1SS-CMC2SO and 2SS-CMC2SO samples heated at 

1200 °C. Vertical lines represent standard XRD data of Ca3MgSi2O8  

(ICDD) 04-011-6738. 
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3.2.4. Preparation of Ba3-xCaxCuSi2O8 

In order to overcame Ba2SiO4 phase formation it was decided to try 

obtain eutectic point of CaSiO3:BaSiO3 by weight percentage 28:72 (wt%) at 

1268 °C according phase diagram [191]. The idea was to get final compound 

Ba2.166Ca0.833CuSi2O8 (BCCSO) from homogeneous liquid which should form 

at higher temperature than 1268 °C by mixing BaCuO2, BaSiO3 and CaSiO3. 

For this purpose separately BaSiO3, CaSiO3 and BaCuO2 compounds were 

synthesized by solid-state method (Fig. 60) and mixed together in a ratio 

following chemical reaction: 
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Fig. 60. XRD patterns of synthesized CaSiO3 (A), BaSiO3 (B) and BaCuO2 (C), 

where vertical lines represent standard XRD data. TG-DTA curves of oxides 

mixture for Ba2.166Ca0.833CuSi2O8 (D). 

The mixture of starting materials was investigated by simultaneous  

TG-DTA (Fig. 60, (D)). From the TG curve, the mass loss less than 4% of up 

to 1300 °C was observed. Thermal decomposition occurs via three stages at 

800, 928 and 1040 °C. The mass loss at ~800 °C is accompanied by very weak 
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exothermic peak in the DTA curve which could be associated to the 

decomposition of remaining BaCO3 or CaCO3 carbonates. The second mass 

loss and exothermic process is associated to the transformation of BaSiO3 and 

CaSiO3 to Ba2SiO4 or Ca2SiO4 or mixture of them [192]. At 1040 °C the 

reduction of CuO to Cu2O, with a weight loss occurs [188]. The eutectic points 

are not seen as it was expected, because temperatures are at the limit of 

measuring with this equipment. However, the small mass loss in the TG curve 

observed at temperatures higher than 1150 °C might be associated with the 

beginning of melting. 

Powder mixture as prepared for the BCCSO compound was pressed in 

to two pellets. The first pellet (BCCSO1) was heated three times for 24 h with 

intermediate grindings at 960, 980 and 1000 °C respectively. The second pellet 

(BCCSO2) was directly heat treated at 1000 °C for 24 h. The XRD patterns of 

synthesis products are presented in Fig. 61. As seen, the orthosilicates have 

formed and CuO phase is forming separately. 

The SEM-EDX analysis results are presented at Fig. 62 and Fig. 63 and 

Table 29 and Table 30. As seen, both samples have inhomogeneous elemental 

distribution. The BCCSO1 sample after three heating steps consists of separate 

crystalline phases with clearly expressed borders. While SEM micrographs of 

BCCSO2 do not show the existence of borders separating different phases, 

however areas which have other elemental content are clearly seen.  

The TG-DTA, XRD and SEM-EDX analyses results prove the 

formation of Ba2-xCaxSiO4 phase. As this phase is extremely stable (melting 

temperature ~1877 °C) there is no reason for further heating. Nevertheless, 

obtained information is useful for further investigations, because this mixture 

of compounds possibly could be used for TSFZM. 
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Fig. 61. XRD patterns of BCCSO1 after repeated heating (A) and BCCSO2 (B). 

Vertical lines represent standard XRD data of Ba1.3Ca0.7SiO4, 

 (ICDD) 00-048-0210. 
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Fig. 62. SEM micrographs of BCCSO1. The spots of EDX analysis are numbered. 

Table 29. EDX elemental distribution of sample BCCSO1.  

Spot Atom% Atomic ratio 
Ba Ca Cu Si Ba : Ca : Cu : Si 

1 32.02 3.24 5.82 58.92 9.88 1.00 1.80 18.18 
2 8.09 4.53 78.25 9.12 1.79 1.00 17.27 2.01 
3 31.61 4.90 8.92 54.57 6.45 1.00 1.82 11.14 
4 30.47 2.69 5.66 61.18 11.33 1.00 2.10 22.74 
5 – 24.49 14.43 61.08 – 1.70 1.00 4.23 

 

 
Fig. 63. SEM micrographs of BCCSO2. The spots of EDX analysis are marked. 

Table 30. EDX elemental distribution of sample BCCSO2. 

Spot Atom% Atomic ratio 
Ba Ca Cu Si Ba : Ca : Cu : Si 

1 33.80 – 0.30 65.90 112.67 – 1.00 219.67 
2 11.27 28.67 – 60.06 1.00 2.54 – 5.33 
3 26.37 19.78 8.07 45.78 3.27 2.45 1.00 5.67 
4 47.03 14.61 – 38.36 3.22 1.00 – 2.63 
5 30.86 29.45 – 39.69 1.05 1.00 – 1.35 

 

  

4 5 
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CONCLUSIONS 

1. Three sol-gel synthesis routes were developed for the synthesis of single 

phase Gd3Sc2Ga3O12 (GSGG) garnet. It was demonstrated that the 

synthesis using TRIS as a complexing agent in the sol-gel processing 

ensure the formation of particles with narrow particle size distribution. 

2. The developed aqueous sol-gel synthesis method was successfully 

applied for the preparation of monophasic gallium containing garnets, 

namely Gd3Ga5O12 (GGG), Y3Ga5O12 (YGG) and Lu3Ga5O12 (LuGG) at 

1000 °C.  

3. The Fe3+, Ce3+, Cr3+ doping and Ce3+/Cr3+-co-doping effects were 

investigated in GGG samples with different concentrations of dopants 

(0.25; 0.5; 1; 3; 5 and 10 mol%). The results obtained illustrated the great 

iron quenching effect on the possible lanthanide-ion emission in the 

garnet matrixes. The increase of cerium amount in garnet matrix has led 

to weaker emission, however, the decrease was not monotonous. In the 

case of GGG:Ce3+,Cr3+ phosphors the highest intensity of the emission at 

~730 nm was observed for the samples containing 3 mol% of dopants 

(1.5 mol% Ce3+ and 1.5 mol% Cr3+). 

4. Sol-gel derived gallium garnets doped with Cr3+ were characterized by a 

broad PL band in the far-red region (700 – 760 nm). This emission meets 

the needs of photomorphogenesis in plants. The optical properties of 

phosphors were found to strongly depend on doping concentration and 

annealing temperature. The strongest PL of the samples was observed for 

the highest annealing temperatures, since in this case the most uniform 

and crystalline materials were obtained. The values of QE also increased 

for higher annealing temperatures. 

 

 



101 
 

5. The most promising materials for the photomorphogenetic LEDs, 

combining these materials with blue InGaN-based LEDs, could be based 

on YGG:Cr3+ and GGG:Cr3+, since they exhibited the most suitable PL 

spectra and were characterized by the relatively high values of QE (55% 

and 30%, respectively).  

6. The quantitative measurement of charge density and the change of cell 

parameter with lanthanide doping due to the difference in size revealed 

the inclusion of trivalent Ce3+ dopant on the host lattice. The 5d Ce 

orbitals participate in the chemical bonding and thus influence the charge 

density distributions reducing the band gap energy which may be the 

prominent key factor for the luminescence properties and the quantum 

efficiency of the non-linear optical material. 

7. The real chemical composition of different Cr-doped garnet structure 

compounds was determined and compared for the first time by ICP-OES 

and EDX methods. These results were in a good agreement with the 

nominal composition, giving the same empirical formula of these 

synthesized garnets as theoretical formula of GSGG and YGG. In 

conclusion, the ICP-OES and two scanning electron microscopes gave 

comparable analysis results with a high accuracy and could be 

successfully used for the elemental analysis of such type of compounds. 

8. Merwinite structure compound (Ca3Mg(SiO4)2, CMSO) was successfully 

synthesized by novel aqueous sol-gel synthesis route and conventional 

well known solid-state reaction method. In the sol-gel processing the 

TRIS as complexing agent was successfully used for the first time to 

fabricate almost monophasic CMSO. 

9. The attempts to synthesize Ba3Cu(SiO4)2 and Ca3Mg1-xCux(SiO4)2 

compounds with structure similar to M3MgSi2O8 by aqueous sol-gel, 

solid-state reaction and TSFZM methods were not successful. In all of the 

case, multiphasic reaction products have been obtained. The suggestions 

to improve synthetic approach to fabricate these compounds were 

provided. 
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