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ABSTRACT  

The (Gd1-xLux)3Al5O12 garnet compounds doped with 5% Eu3+ were 

synthesized using the solid-state reaction method calcined at 1450°C. 

Despite the stabilization of the phase Gd3Al5O12 by lutetium and doped 

europium, XRD structural analysis revealed the presence of secondary 

phases, including sesquioxide (R: Ln2O3), monoclinic garnet (M: 

Ln4Al2O9), and perovskite (P: LnAlO3) as major phase, accompanied the 

cubic garnet (G: Ln3Al5O12) phase. FTIR results confirmed the structure of 

the samples identified the characteristic bands of all observed phases. The 

energy transfers of Gd3+ enhance the luminescence of Eu3+activator ions. 

Photoluminescence analysis indicated that Eu3+ improves structural 

symmetry within the luminescent host materials. Under excitation at 360 

nm, the non-centrosymmetric phases R, M and P were identified by the 

dominance of electric dipole 5D0 to 7F2 transitions. In contrast, the emission 

from centrosymmetric cubic garnet doped with Eu3+ presents by the 

magnetic dipole 5D0 to
 7F1 dominant transition.  
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1. INTRODUCTION 

Cubic garnet compounds attract significant attention due to their excellent chemical and structural 

stability and optical isotropy for a variety of applications [1]. The best example of a garnet 

compound is Y3Al5O12 doped with rare earth elements, which crystallizes in the cubic structure 

with the Ia-3d space group and has a general formula of Ln3Al5O12 (LnAG: Y and lanthanide). In 

this structure, Ln atoms occupy the dodecahedral coordination 24 (c) sites, Al atoms occupy the 

octahedral 16 (a) and tetrahedral 24 (d) sites, and O atoms occupy the 96 (h) sites. Because of their 

good optical properties, multi compounds cubic garnet materials (Gd, Lu)3Al5O12 doped with 

europium are highly competitive in fluorescence fields [2]. Stable cubic garnet structures are found 

in elements ranging from lutetium (Lu3+) to terbium (Tb3+), but not for ions larger than Gd3+ [3]. 

Solid state reactions between Ln2O3 and Al2O3 metal oxides can produce LnAG powder 

compounds. However, these reactions often result in the formation of secondary phases such as 

monoclinic garnet Ln4Al2O9 and perovskite LnAlO3, which require significantly higher 

temperature to eliminate [4]. Our objective is to distinguish the different structural phase 

transformations by the occupation of europium in sesquioxides, monoclinic garnet, perovskite and 

cubic garnet intermediate phases that appear in the Eu3+ doped (Gd1-xLux)3Al5O12 samples 

elaborated by solid state reaction method and calcined at T=1450°C. The vibrational 

characterizations were used to determine the different bands associated to the various frequencies 

of these phases (R, M, P and G). The luminescent properties of Eu3+ doped (Gd1-xLux)3Al5O12 with 

(x=0.2 and 0.3) are discussed in this paper through europium transitions to evaluate Ln2O3, 

Ln4Al2O9, LnAlO3, and Ln3Al5O12 phase formation in our samples. The intrinsic 8S7→
6IJ transition 

of Gd3+ can be achieved via an efficient energy transfer from Gd3+ to the activator doping element 

Eu3+ [5], which occupied D2 point symmetry in the cubic garnet centrosymmetric structure [6], 

[7]. The emission in these materials is presented by the main peak corresponding to the 5D0 → 7F1 

dominant transition, due to the magnetic dipolar [3]. However, the sesquioxide, monoclinic garnet, 

and perovskite were regarded as Eu3+ doped matrix materials [3] [8]. These types of materials lack 

inversion symmetry (non-centrosymmetric) [3], corresponding to the dominant 5D0 → 7F2 

transitions due to the electric dipole in each phase (R, M, and P).  

 

2. RESULTS AND DISCUSSION   

2.1. XRD structural study   
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XRD analysis were affected to observe the different effects on the structural properties of (Gd1-

xLux)3Al5O12 with x=0.2 and 0.3 calcined at T=1450°C, especially the effect of calcinations 

temperature on the formation of garnet phase. 

2.1.1. The effect of temperature 

Calcination temperature influences phase formation through the polymorphic changes of the 

Gd2O3, Lu2O3 and Al2O3 as raw materials to form (Gd1-xLux)3Al5O12 synthesized by the solid state 

reaction method, calcined at T=1450°C.  
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Fig.1. XRD pattern of 5at% Eu3+ doped (Gd0.7Lu0.3)3Al5O12 and (Gd0.8Lu0.2)3Al5O12 samples 

calcined at T= 1300°C and 1450°C, with R, M, P, and G representing Ln2O3 sesquioxides, LnAM 

monoclinic garnet, LnAP perovskite, and LnAG garnet, respectively, and Ln = Gd, Lu 

The evolution of Ln2O3 sesquioxide phases follows the structure of Ln4Al2O9 monoclinic garnet, 

LnAlO3 perovskite phases, and Ln3Al5O12 cubic garnet phases as a function of synthesis 

temperature [5]. The reactions are as follows [2]: 

 (R) (M) (P) (G) 

Ln2O3    Ln4Al2O9      LnAlO3    Ln3Al5O12 
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Lu3Al5O12 cubic garnet is known as a very stable phase because it contains tiny Lu3+cations at sites 

with coordination number 8 and point symmetry D2 without decompositions [2,3], and it 

crystallizes in the space group Ia-3d. Garnet Gd3Al5O12 is a metastable phase, but it can be 

stabilized with Lu3+ and GdLuAG with larger ions than Gd3+, such as Eu3+ (r= 1.066 A°) [7]. Fig.1 

depicts the XRD pattern of the (Gd1-xLux)3 Al5O12:Eu3+ with x= 0.2 and 0.3 samples calcined at 

T=1300°C and 1450°C respectively. For the samples (Gd1-xLux)3 Al5O12:Eu3+ with x= 0.2 and 0.3 

calcined at 1300°C, we observed the elimination and decrease of certain peaks associated with the 

monoclinic garnet in the Eu3+ doped (Gd0.7Lu0.3)3 Al5O12 samples compared to (Gd0.8Lu0.2)3 Al5O12. 

Additionally, for the powders (Gd1-xLux)3 Al5O12:Eu3+ with x= 0.2 and 0.3 calcined at 1450°C, we 

observed the appearance of the main peak (420) of cubic garnet in the (Gd0.7Lu0.3)3 Al5O12 sample 

compared to (Gd0.8Lu0.2)3 Al5O12 doped with europium. This is due to the increased lutetium 

concentration, which is considered a stabilizer of GAG. Furthermore, as the calcination 

temperature rises from 1300 to 1450°C, the cubic garnet is formed. The major phase formed in all 

samples is the gadolinium perovskite phase (GdAlO3), which forms due to the larger ionic radius 

of gadolinium (r Gd =1.053A°) compared to lutetium (r Lu= 0.977A°). As a result, Gd3+ alone does 

not form GAG cubic garnet, but it can easily form the structure of perovskite, as shown in the phase 

diagram of the binary system Gd2O3-Al2O3 [2]. The choice of these solid solutions Eu3+ doped 

(Gd1-xLux)3Al5O12 for x= 0.2 and 0.3 was based on phase stability as well as improved optical 

performance, as detailed in [3]. The effect of the ionic size of the substituent element lutetium, 

which has a radius (0.977A°) less than that of gadolinium (1.053A°), on the coordination 8 [6], [3]. 

GdAlO3 (GAP) is the main phase crystallized in an orthorhombic structure with the space group 

Pbnm perovskite structure, and the majority of diffraction peaks are indexed using PDF card no. 

46-0395 [3].  The lattice parameters calculated by High Score software for the sample 

[(Gd0.8Lu0.2)0.95Eu0.05]3Al5O12 from the XRD spectrum shown in fig 1 are a = 5.310375 A°, b = 

7.435087 A°, and c = 5.2454469 A°, which are higher than those of (Gd0.8Lu0.2)3Al5O12, and the 

different cell parameters for the sample [(Gd0.7Lu0.3)0.95Eu0.05]3Al5O12 are a = 5.310375 A°, b = 

7.43029 A°, and c =5.236558 A°. The decrease in the values of the lattice parameters b and c due 

to the lutetium content (x=0.2 and 0.3) and the calcination temperature. The observed perovskite 

phases decrease due to the 3:5 synthesis starting stoichiometry (Ln2O3/Al2O3), while the calcination 

temperature increases to form cubic garnet phases Ln3Al5O12. The structure of [(Gd1-
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xLux)0.95Eu0.05]]3Al5O12 crystallizes in a cubic system with space group Oh
10 Ia-3d and lattice 

parameters around 12.00 A°, which is close to the ionic radius of Tb3Al5O12 [2], [9]. (GdAG, 

JCPDS file No. 1-73-1371). It is clear that the content of Gd, which reduces the average ionic size 

of rare earth ions to 1.0454 A° [10], is directly related to garnet formation. Because 

thermodynamically stable LnAG only exists for Ln3+ smaller than Gd3+, which serves as the 

boundary element for the formation of the garnet structure [10], it can effectively stabilize GdAG. 

The Al2O3 diffraction peaks were also missing in the two samples (x =0.2 and 0.3). Unreacted Al2O3 

should be present in the calcined products of these samples up to 1450°C for the initial 

stoichiometry in systems prepared using the solid-state reaction method [6]. However, at higher 

temperatures (T >1500 °C), the remaining Al2O3 reacts with GAP to form pure GAG garnet [2], 

[10]. 

2.2. Vibrational characterizations by FTIR 

FTIR spectra were established using the samples (Gd1-xLux)3Al5O12 (x= 0.2 and 0.3) to investigate 

the functional groups presented by active vibrations modes in IR. In this step, we will examine the 

vibrational properties of the samples as they change with temperature. Fig.2 and 3 show the FTIR 

spectra for x=0.2 and 0.3 were calcined at T=1300°C and T=1450°C, respectively. Due to the low 

synthesis temperature, the studied systems are always multi-phases: R, M, P, and G. Fig. 3, 4, and 

5 show the bond vibrations between M-O, where M represents Gd, Lu, or Al, in all phases that 

appear. Fig. 4 depicts the undoped and doped [(Gd1-xLux)0.95Eu0.05]3Al5O12 compounds with x=0.2 

and 0.3 with 5% Eu3+. The characteristics M-O vibrations are associated with specific peaks in the 

400-1000 cm-1 region of the IR spectra (M: Gd, Lu, Al). The vibrations of isolated [AlO4] and 

[AlO6] at 795 and 730 cm-1 in tetrahedral and octahedral sites, respectively, and 743.6 cm-1 indicate 

the formation of the (Gd, Lu-O) bonds of (Gd, Lu)3Al5O12 phases [11] [12], [13]. The vibration 

modes of Gd-O in GdAlO3 [14] [15], [16], [17], and [18] correspond to the peaks at 417,420, and 

519 cm-1, as well as the peaks at 460,470, and 651,655, and 664, 669 cm-1, which appeared due to 

the Al-O stretching band characteristic vibration in GdAlO3[19], [20]. The Al-O vibrations of 

Ln4Al2O9 have peaks at 792 and 681,684 and 686 cm-1, whereas the Ln-O vibrations have peaks at 

718 and453, 457 cm-1 [21]. The absorption bands in the range of 477 and 582 cm-1 can be attributed 

to Lu-O stretching modes in Lu2O3 [22], [24], [5], and the peaks around 438,448, and 540 cm-1 can 

be attributed to bond Gd-O stretching and bending vibrations in Gd2O3 [20] [21] [22]. 
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Fig.2. FTIR spectra of 5 at% Eu3+ doped (Gd0.8Lu0.2)3Al5O12 calcined at (a): T=1300°C and (b) 

T=1450°C 
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Fig.3. FTIR spectra of 5% Eu3+ doped (Gd0.7Lu0.3)3Al5O12 with calcined at (a) T= 1300°C and (b) 

T=1450°C 
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Fig.4. FTIR spectra of undoped and 5 at% Eu3+ doped (Gd0.8Lu0.2)3Al5O12 and 

(Gd0.7Lu0.3)3Al5O12 calcined at T = 1450°C 

Other external absorption peaks near 3000-3710 cm-1 are due to H2O stretching [20]. Peaks at 

3467,3495 cm-1 [2] and 1643 [7] cm-1 provide evidence of water hydration in the structure or 

surface adsorbed water, and are assigned to the O-H stretching and H-O-H bending modes, 

respectively. The bands at 3500-3750 cm-1 correspond to hydroxyl (OH) groups [12], the band at 

1070 cm-1 corresponds to the C-O symmetric stretching vibration [12], and the bands at 1518 and 

1393 cm-1 correspond to the C-O asymmetrical stretching vibrations. The C=C-links in the 

synthesized compound are represented by the peak at 1564 cm-1, which is due to atmospheric 

carbon absorption, and the peaks at 1175-1385 cm-1 and 1600-1700 cm-1 are due to stretching-CO-

OH group vibrations [7], [12]. Absorption peaks of gadolinium garnet from undoped and 

Eu3+doped (Gd1-xLux)3Al5O12 with x=0.2 and 0.3 [23], [2] were observed at 600 cm-1 from M-O 

vibration. This result is similar to the XRD patterns. 

2.3. Photoluminescence 

The emission spectra of the samples [(Gd1-xLux)0.95Eu0.05)]3Al5O12 with x=0.2 and 0.3 calcined at 

T=1450°C, studied in the visible spectral domain under an excitation of 360 nm for europium doping 

are shown in fig.5 and 6 respectively. Due to the presence of europium transitions as an activator 
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element and the stark splitting of these compounds [8], all PL spectra of the elaborated samples 

show the same types of europium transitions. Due to the lower electronegativity in the systems (Gd1-

xLux)3Al5O12[2] doped with rare earth [3], the attribution of Gd3+ exhibits higher lattice covalence 

and charge transfer, which enhances crystal field splitting of high energy level of Eu3+ (5d). 

Reference [5] compared the electronegativity of the systems: (Gd0.8Lu0.2)3Al5O12 and 

(Gd0.7Lu0.3)3Al5O12 to that of Ln3Al5O12, where Ln: Lu, Y, and Gd. We observe a proportional 

evolution between the gadolinium content and the emission intensities of Eu3+ in the elaborated 

samples: Eu3+doped (Gd1-xLux)3Al5O12, due to the energy transfer from ggadolinium to the 

europium activator element [3]. The optimum of Eu3+ concentration is estimated to be 5at% [3]. It 

should also be noted that a small shift in position and wavelength values in the samples 

[(Gd0.8Lu0.2)0.95Eu0.05]3Al5O12 and [(Gd0.7Lu0.3)0.95Eu0.05)]3 Al5O12] may be due to the amount of 

gadolinium substituted with lutetium in the solid solution which x = 0.2 and 0.3 and effect of 

calcination temperature [2]. Figures 5 and 6 present a stronger emission in the visible spectral 

domain. The 5D0→
7F0 transition of Eu3+, which occurs around (580 nm), is only allowed for low 

symmetry sites or materials that do not have an inversion center [2], [3]. The large intensity of the 

5D0→
7F3 and 5D0→

7F4 transitions around 700 nm may be due to the presence of mixtes phases [8], 

[3]. We can divide this range into two regions because there are two types of broad peaks centered 

at a wavelength range (from 580 to 640 nm). In the first region, Eu3+ binds to non-centrosymmetric 

sites of the symmetry points m-3, C1, or Cs, which correspond to the cubic bixbyite sesquioxides 

Ln2O3 with space group Ia-3, the monoclinic garnet structure of Ln4Al2O9 with space group P21/c, 

and the orthorhombic perovskite structure of LnAlO3 phases with space group Cs, respectively. This 

is similar to the case of 2 at% Eu3+ doped LiGd(WO4)2 powders and crystals fibers, which present 

Eu3+ transitions observed in others tungstate hosts with the dominance of 5D0→
7F2 transition in the 

emission spectrum, confirming the presence of low symmetry site of Eu3+ located in these types of 

materials [25]. 
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Fig.5.  PL spectrum of [(Gd0.8Lu0.2)0.95Eu0.05]3 Al5O12 calcined at 1450°C 
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Fig.6. PL spectrum of [(Gd0.7Lu0.3)0.95Eu0.05]3Al5O12 calcined at 1450°C 
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As a result, the electric dipole (ED) 5D0→
7F2 emissions are stronger than the magnetic dipole (MD) 

5D0→
7F1 emissions. In the second region, corresponding to the centrosymmetric sites occupied by 

europium, we find cubic garnet materials with space group Ia-3d and point D2 symmetry of 

Ln3Al5O12 phases. Consequently, the PL spectra are dominated by the 5D0→
7F1 magnetic dipole 

transition rather than the 5D0→
7F2 electric dipole transition. The different transitions of Eu3+ in the 

phases that appeared and the symmetry or asymmetry factors that represent the ratio of the intensities 

of the peaks correspond to non-centrosymmetric positions occupied by Eu3+ transitions of electric 

and magnetic dipoles respectively. For the sesquioxide in the systems elaborated 

[(Gd0.8Lu0.2)0.95Eu0.05)]3Al5O12, and [(Gd0.7Lu0.3)0.95Eu0.05)]3 Al5O12 calcined in the T=1450°C, the 

asymmetry factors related to the ratio I611/ I585[3], [26], as well as the asymmetry factors for the 

monoclinic LnAM phases are 0.881 and 0.354 in these two elaborated samples, which are presented 

by the transition I606 / I592 [3], [21]. These phases are considered secondary phases to achieve the 

formation of perovskite and pure cubic garnet phases. It is worth noting that this asymmetry factor 

increases as a function of Gd3+ content for the Ln2O3 sesquioxide and Ln4Al2O9 monoclinic phases, 

indicating that it has the benefit of charge transfer to the activator element Eu3+ [3], [7]. More optical 

findings necessitate an increase in gadolinium content, but with the ideal choice of Eu3+ (5at %) as 

the optimum concentration to prevent the quenching. The monoclinic garnet phase has received less 

attention in the literature than the other phases, P, and G [27]. On the other hand, perovskite phases 

are the majority phases in the elaborated compounds [(Gd0.8Lu0.2)0.95Eu0.05)]3Al5O12 and 

[(Gd0.7Lu0.3)0.95Eu0.05)]3 Al5O12. The asymmetry factors in these elaborated samples are 2.239 and 

2.526, respectively, as illustrated by I614 / I593 transitions [28], [29]. These values were compared 

with the value ~ 2.16 in the reference [3], and the increase of the factor may be due to the addition 

of lutetium, which has a smaller ionic radius and is less likely to form a perovskite phase. The phase 

diagrams Gd2O3-Al2O3 and Eu2O3-Al2O3 indicate that due to the larger ionic radius of Gd3+ and 

Eu3+, the synthesis of the perovskite phases GdAlO3 and EuAlO3 is easier. In contrast, lutetium, with 

it’s a smaller ionic radius, makes the formation of the LuAlO3 perovskite phase difficult, and it is 

considered a metastable phase. This is similar to the behaviour of gadolinium in the formation of 

Gd3Al5O12 cubic garnet materials [2]. However, the ionic size compensations between the ions Gd3+, 

Lu3+, and Eu3+ under the influence of calcination temperature increased the value of the asymmetry 

factor between the [(Gd0.8Lu0.2)0.95Eu0.05)]3Al5O12 and [(Gd0.7Lu0.3)0.95 Eu0.05)]3Al5O12 samples with 

x=0.2 and 0.3. Additionally, as this component increased, the concept of charge transfer from Gd3+ 
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to Eu3+ in perovskite phases and cubic garnets existed [3], which occurred during the formation and 

polymorphic transitions from perovskite phases to cubic garnets phases. The symmetry factors 

determined from the photoluminescence spectra, associated with the transition I591/ I610 [3], [6], [7], 

[10] for the cubic garnets phases of these powders calcined at T=1450°C, is 1.707 and 1.557 at x= 

0.2 and 0.3 respectively. These symmetry factors decrease as the ggadolinium content decreases. 

The symmetry factor for the garnet phases [7],[30] is close to one, implying that Eu3+ ions occupy 

the same ratio of symmetry and asymmetry sites. This approach confirms the transition from 

perovskite phases to cubic garnet with an inversion center. The evolution of this phase was already 

approved by firstly the increasing of llutetium, which is considered a stabilizer of the systems Eu3+ 

doped (Gd0.8Lu0.2)3Al5O12 to (Gd0.7Lu0.3)3Al5O12 [7], and second, by the rising content of lutetium, 

which is considered a stabilizer of the systems. The ratio of intensity, which shows the site occupied 

by Eu3+ in all structures that appeared R, M, and P during the formation of cubic garnet, was 

primarily due to the dominance of the magnetic dipole transition. This is attributed to the use of the 

solid state reaction method, which requires raising the temperature to more than 1500 °C to obtain 

pure cubic garnet phases [2]. Consequently, the electric dipole transition 5D0 →
7F2 emission should 

be suppressed, and only the 5D0 →
7F1 magnetic transition will be dominant [3]. Moreover, these 

photoluminescence results of garnet phase are well coherent with Ln3Al5O12 pure garnets host 

materials like Y3Al5O12 and Lu3Al5O12 doped with Eu3+ phosphors respectively [31], [32]. 

 

3. EXPERIMENTAL  

The solid state reaction method was used to elaborate undoped and 5% Eu3+ doped (Gd1-

xLux)3Al5O12 (x=0,2-0,3) polycrystalline powders. The raw materials are: Gd2O3 (99.99%), Lu2O3 

(99.99%), Alfa-Al2O3 (99.99%), and Eu2O3 (99.99%) were mixed thoroughly in an agate mortar, 

and calcined at T=1300 and 1450°C with a heating rate of 5 °C/min. for 72 hours. The solid-state 

process was used to make the samples [(Gd1-xLux)1-yEuy]3Al5O12 with x=0.2 and 0.3 according to 

the chemical equation: 

3[(Gd2O3(1-x)+xLu2O3)]1-y+yEu2O3+5Al2O3 →2[(Gd1-xLux)1-yEuy]3Al5O12                                                    

The samples were identified by X-ray diffraction (XRD), acquired with a Bragg-Brentano Bruker 

D2 Advance diffractometer working with the Cu Ka radiation (=1.54A°), owing to a backward 

monochromator, after the preparation of powders, undoped and doped with 5% at Eu3+. The 
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vibrational studies were characterized by infrared spectroscopy as KBr pellets in the 400-4000 cm-

1 region using a JASCO-4100 FTIR Fourier Transform Spectrometer. The photoluminescence (PL), 

analysis with excitation by laser for visible luminescence, was performed by an Ekspla NT342 

optical parametric oscillator (OPO), with a resolution of 0.2 nm using 1200 lines/mm, and analyzed 

with an iSTAR CCD. 

 

4. CONCLUSION  

In summary, we used the solid state reaction method to elaborate 5 at% Eu3+ doped (Gd1-

xLux)3Al5O12 with (x=0.2 and 0.3) at calcination temperatures (T=1300°C and 1450°C). XRD 

analysis of the structure of compounds reveals the presence of perovskite (LnAlO3) as the major 

phase in a high proportion (0.7and 0.8) of gadolinium calcined at T= 1450°C, with the remaining 

phases being Ln2O3, Ln4Al2O9, and Ln3Al5O12. The vibrational study by FTIR spectroscopy is an 

important step for determining the following bands characterizing: Gd-O, Lu-O, and Al-O, as well 

as the active modes of vibration of the phases appearing at 5 at% Eu3+ doped (Gd0.8Lu0.2)3Al5O12 

and (Gd0.7Lu0.3)3Al5O12 compounds with external modes such as O-H, C-O, C-C CO-OH... To 

further validate the influence of Gd3+ substitution on Eu3+ emission, the studied systems should be 

an important type of phosphor. The presence of the 5D0→
7FJ transition peaks due to the europium 

correlating to distinct phases with the major LnAlO3 phases can be seen in the photoluminescence 

spectra. Through the 5D0 →
7F2 and 5D0→

7F1 transitions, which correspond to electric and magnetic 

transition dipoles respectively, the Eu3+ site provides a strong investigation into the crystalline 

structure and symmetry. The electric dipole 5D0 →
7F2 is more intense than the magnetic dipole 5D0 

→7F1 in structures without symmetry centers such as R (Ln2O3), M (Ln4Al2O9), and P(LnAlO3), but 

the magnetic dipole 5D0 →
7F1 is a more intense in structures with an inversion point of symmetry 

such as garnet phase. The luminous symmetry factor for developed samples [(Gd1-

xLux)0.95Eu0.05)]3Al5O12, with x=0.2 and 0.3 at T= 1450°C, indicates both a tendency for phase 

formation and an increase in luminescent intensity for high Gd3+ concentration due to energy transfer 

from it to Eu3+ activator. 
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