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Abstract 

The intrinsic defect-related luminescence of as-grown Gd3Ga5O12 (GGG) single crystals was 
investigated using synchrotron excitation in the vacuum-ultraviolet region. The photoluminescence 
spectrum at 7 K exhibits a broad emission band centered near ~2.5 eV (≈500 nm), accompanied by 
narrow 4f–4f transitions of uncontrolled Tb3+ impurity ions. Gaussian decomposition of the broad 
band reveals three components at approximately 3.05, 2.70, and 2.50 eV, attributed to self-trapped 
excitons (STE), antisite-associated recombination, and F/F+-type oxygen-vacancy centers, 
respectively. Temperature-dependent photoluminescence measurements show that the defect-
related luminescence is governed by two thermally activated nonradiative channels with activation 
energies of ~5–8 meV and 42–56 meV. The shallow channel dominates at 20–50 K, while the main 
quenching occurs between 100 and 150 K, leading to nearly complete suppression of the broad 
emission at room temperature. The present results therefore characterize the emission behavior of 
intrinsic, shallow defect centers in as-grown GGG and contribute to understanding defect 
recombination pathways that are critical for optimizing garnet-based scintillation and photonic 
materials. 

Keywords: Gd3Ga5O12 single crystals; luminescence; self-trapped excitons (STE); F-centers; defects; 
thermal quenching; scintillation materials 
 

1. Introduction 

Gadolinium gallium garnet (Gd3Ga5O12, GGG) is a cubic oxide (Ia3d), typically obtained as high-
quality single crystals and widely used as a substrate for the epitaxial growth of optical and magneto-
optical films [1–4]. Its wide band gap (Eg ≈ 5.6 eV) and high transparency from the infrared to the 
ultraviolet range determine its value for photonic applications [3]. When doped with rare-earth ions, 
GGG exhibits efficient phosphor and scintillation behavior: in Ce:GGG, both emission spectra and 
decay kinetics are governed by the local crystal environment and the chemical nature of the host [5–
7], whereas Er3+-, Pr3+-, and Dy3+-doped systems show characteristic f–f transitions [8,9]. For low-
temperature phosphor synthesis, sol–gel methods and isomorphic substitutions have been developed 
[10]. Surface mechanical properties crucial for optical quality have been examined using nanoscratch 
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and nanoindentation techniques [11–13], and Co diffusion has been identified as a factor influencing 
color-center formation [14]. 

In nano- and thin-film forms, the functionality of GGG expands further: GGG:Tb3+ and GGG:Eu3+ 
nanoparticles exhibit stable luminescence, including pressure-dependent behavior [15–17], while thin 
films grown by liquid-phase epitaxy are used in fast scintillators [18,19]. GGG has also been proposed 
as a wide-band-gap ceramic electrolyte for low-temperature fuel cells [20]. Cr3+ doping provides 
reproducible thermometric characteristics, and Ca/Si cation substitutions in Cr:GGG allow 
adjustment of emission wavelength and decay time [21,22]. In Ce:GGG, the position of the Ce3+ 5d1 
level relative to the conduction band and shallow traps has been established, which is essential for 
understanding competition between radiative and trapping channels [23]. 

GGG is also recognized as a frustrated magnet that exhibits field-induced phase transitions and 
an enhanced magnetocaloric effect upon Al substitution [24–27]. The crystal demonstrates high 
radiation resistance: reversible amorphization/recrystallization processes [28], radiation-induced 
absorption and Raman changes under neutron and heavy-ion irradiation [29–32], and track-
formation behavior described by the inelastic thermal spike model have been reported [33–36]. 
Similarity of radiation response to the garnet matrix in YIG confirms the universality of structural 
disordering and recovery mechanisms [37,38]. Exceptional mechanical strength and thermal stability 
of GGG have been verified under dynamic compression up to 2.6 TPa [39]. 

The intrinsic defect-related luminescence of garnets arises primarily from oxygen-vacancy 
centers F (VO with two electrons) and F⁺ (VO with one electron), together with self-trapped and defect-
localized excitons (STE/LE). In YAG [43] and LuAG [44], a fast violet emission band at ~3.1–3.2 eV (τ 
≈ 2–3 ns), excited at ~3.3/5.3/6.5 eV, is attributed to F⁺ centers, whereas a blue-green band at ~2.6–2.7 
eV corresponds to F centers [43–45]. Antisite disorder (YAl/LuAl) promotes the formation of F+–antisite 
complexes that shift and broaden these bands and partially suppress STE emission; the F/F⁺ centers 
can also be excited via the excitonic continuum (~6.5–7.3 eV) [43–45]. 

In GGG-based mixed garnets, such as GAGG:Ce, and in YAG, swift heavy-ion irradiation 
induces stable photo-induced absorption in the UV–visible range and strongly suppresses VUV-
excitonic emission, reflecting increased F-type defect concentrations and competition with Ce3+ 5d–4f 
emission channels, including possible Ce3+/C4+ charge conversion [46,47]. For sintered garnet crystals, 
oxygen partial pressure, grain boundaries, and impurity–defect complexes enhance F/F+ emission 
and suppress STE, whereas oxidative annealing reduces color-center populations, which is crucial 
for optical and scintillation performance. Systematic low-temperature studies of such intrinsic defect-
related luminescence in sintered crystals remain scarce, representing a significant open research 
direction. 

However, despite extensive studies of radiation and dopant effects, the native defect structure 
of as-grown GGG remains insufficiently characterized. Addressing this issue is essential for targeted 
control of trapping processes, suppression of nonradiative channels, and the rational design of 
radiation-resistant luminescent materials based on GGG. To fill this gap, in this work we investigate 
the luminescence and the temperature dependence of luminescence in as-grown GGG. 

2. Materials and Methods 

Gd₃Ga₅O₁₂ (GGG) single crystals were grown by the Czochralski method using an iridium 
crucible in a weakly oxidizing atmosphere at the SRC “Electron-Carat” (Lviv, Ukraine) [33]. The 
growth atmosphere consisted of a mixture of 98% Ar and 2% O₂. High-purity oxides Gd₂O₃ and Ga₂O₃ 
(99.99 wt%) were used as starting materials. It is known that the presence of tetravalent impurity ions 
(such as Si⁴⁺ and Zr⁴⁺) in the starting oxides can lead to the formation of cation vacancies and promote 
a spiral growth mechanism in rare-earth gallium garnet crystals. To suppress these effects, a small 
amount (10⁻²–10⁻³ wt.%) of calcium oxide (CaO) was added to the melt. 

It should also be noted that GGG crystals usually contain a small amount (10⁻³–10⁻⁴ wt.%) of 
uncontrolled impurity ions, which is practically unavoidable during the growth process. The samples 
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were prepared in the form of flat plates with a thickness of 0.48 mm, oriented along the (111) plane, 
and polished on both sides to optical quality. 

Luminescence spectroscopy measurements were performed under synchrotron radiation 
excitation. The excitation and emission spectra were recorded at the FinEstBeAMS undulator 
beamline [48–54], located at the 1.5 GeV storage ring of the MAX IV synchrotron facility (Lund, 
Sweden). The excitation photon energy range extended from 4.5 to 11.0 eV. Emission in the UV–
visible region (200–700 nm) was analyzed using an Andor Shamrock SR-303i (0.3 m) monochromator 
coupled to a Newton DU970P-BVF CCD detector, providing a total detection range of 200–900 nm. 
The GGG samples were mounted on the cold finger of a closed-cycle cryostat (Advanced Research 
Systems) and positioned inside an ultra-high-vacuum chamber maintained at a pressure of ~10⁻⁹ 
mbar. 

Luminescence was studied at 9 K using synchrotron radiation at the Superlumi P66 beamline 
(PETRA III, DESY) [55]. Excitation was selected by a 2 m monochromator with a spectral resolution 
of 4 Å. The emitted luminescence was analyzed using an ANDOR Kymera monochromator (2 Å 
resolution) equipped with a CCD camera and a Hamamatsu R6358 photomultiplier. The excitation 
spectra were corrected using a sodium salicylate standard to ensure data accuracy. 

3. Results and Discussion 

The absorption spectrum exhibits a steep increase in absorption at λ ≲ 225 nm (≈5.6–5.7 eV), 
corresponding to the fundamental band-gap edge of GGG [3]. In the UV–visible region, three weak 
bands are observed at 254, 275, and 313 nm, assigned to intra-configurational transitions of Gd3+: 8S7/2 
→ 6Dj (254 nm), 8S7/2 → 6Ij (275 nm), and 8S7/2 → 6Pj (313 nm). The presence of Ca2+ (introduced as a 
charge-compensating additive) manifests as an additional weak band near ≈350 nm (≈3.55 eV) [30,33]. 

The photoluminescence spectra under pulsed-laser excitation at λex = 230 nm (≈5.4 eV), i.e., near 
the Gd–O charge-transfer edge and effectively pumping both host and defect centers, were measured 
at T = 7 K. The spectrum spans 3.3–1.8 eV (375–688 nm) and consists of (i) a broad defect-related band 
with a maximum at ≈475 nm, attributed to recombination involving oxygen-vacancy-related centers, 
including F-type centers and antisite-associated defects, and (ii) narrow Tb³⁺ lines at 382, 420, 440, 
474, 543, 583, and 630 nm, corresponding to 5D₃/5D4 → 7Fj transitions (see Table 1) [16, 87]. 
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Figure 1. Absorption spectra of GGG. 
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Figure 2. Luminescence spectra of GGG at 7 and 300 K. 

Gaussian decomposition of the broad band reveals three subcomponents centered at 3.05, 2.70, 
and 2.50 eV. By analogy with related garnets such as YAG and LuAG [43,44,56], the 2.50 eV 
component is associated with F-center recombination, whereas the 3.05 and 2.70 eV components are 
likely due to STE emission and radiative recombination near GdGa antisite environments. At 300 K, 
the defect-related band is almost entirely quenched, while the narrow Tb3+ emission persists, with the 
5D4 → 7F5 transition at 543 nm being the most thermally stable. The fact that the defect emission 
disappears at approximately 300 K suggests that at room temperature, non-radiative processes 
(probably thermally activated release of charge carriers from traps or transition to the non-radiative 
recombination pathway) predominate over radiative recombination for these defect centers. 

Table 1. Main luminescence peaks of Tb³⁺ ions and transitions in GGG single crystal 

Emission Band, (nm) Excitation, (nm) Possible Transitions 
382 230 5D3 → 7F6 
420 230 5D3 → 7F5 
440 230 5D3 → 7F4 
474 230 5D4 → 7F6 
543 230 5D4 → 7F5 
583 230 5D4 → 7F4 
630 230 5D4 → 7F3 

Figure 3a presents the VUV excitation spectrum of the GGG crystal measured at 7 K (monitoring 
the broad emission band across the full range). The spectrum is dominated by a very intense, broad 
excitation band spanning approximately 4.5–5.8 eV. The presence and strength of this feature indicate 
a high concentration of defect-related states introduced during crystal growth. 

Within this broad 4.5–5.8 eV band, at least three sub-bands can be distinguished. Multi-peak 
Gaussian decomposition (Figure 3b) reveals maxima at approximately 4.9, 5.3, and 5.5 eV. Each 
component may be attributed to a specific electronic transition. The highest-energy component (~5.5 
eV) corresponds to the intrinsic charge-transfer band of the GGG lattice. In rare-earth garnets, charge-
transfer (CT) transitions typically involve electron transfer from O 2p states either into the conduction 
band or directly to a rare-earth ion [41]. The fundamental absorption edge of GGG lies at ~5.6–5.7 eV 
[3], therefore the 5.5 eV band likely corresponds to excitation across the band gap or to a bound 
exciton just below the conduction band. This feature reflects host-lattice excitation, which 
subsequently relaxes and emits via defect- or matrix-related channels. Its broad character, rather than 
a sharp line, is consistent with an extended, delocalized excitation. 
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Figure 3. Excitation spectrum of GGG luminescence at 7 K (a) and Gaussian deconvolution of the spectrum at 
485 nm (b). 

The intermediate sub-band (~5.3 eV) is associated with oxygen-vacancy-related states and/or 
self-trapped excitons (STE). Oxygen vacancies in GGG (F-centers when capturing an electron) 
produce in-gap states that can be excited in this energy range. In the related mixed garnet 
Gd3Al2Ga3O12:Ce (GAGG:Ce), an excitation band at 5.2–5.3 eV under VUV irradiation has been 
assigned to STE localized at anion vacancies, eventually leading to F-center formation [40,46]. Thus, 
we attribute the 5.3 eV band in GGG to excitation of STE or vacancy-associated intermediate states, 
which may either decay radiatively or convert into stable F-centers. 

The lowest-energy excitation component (~4.9 eV, with a shoulder down to ~4.7 eV) corresponds 
to deeper defect states. These may involve antisite defects or more complex vacancy clusters. Gd/Ga 
antisite defects (Gd³⁺ on a Ga site) introduce strongly localized electronic states due to the altered 
crystal field and charge-compensation environment. Such antisites can capture excitons or charge 
carriers. Therefore, the 4.9 eV band likely corresponds to excitons bound to GdGa antisites or vacancy–
defect complexes. The lower excitation energy indicates that these states lie relatively deep within 
the band gap. 

Notably, pristine GGG already exhibits a rich defect-excitation structure. Previous studies of 
GGG irradiated with heavy ions or neutrons also reported the formation of color centers producing 
new absorption and luminescence bands [30,32,33]. Potera et al. showed that electron-irradiated GGG 
develops transient absorption bands near 5.0 eV and 4.3 eV, attributed to F+ and F centers, 
respectively [31]. These absorptions correspond to excitation of the same defect centers observed here 
in luminescence. 

Thus, the excitation spectrum (Figure 4) provides the first direct insight into the nature and 
energetic hierarchy of luminescent defect states in GGG. 

The luminescence spectrum at 7 K was further analyzed using a Gaussian decomposition to 
resolve overlapping components (Figure 4). In this figure, the broad 477 nm band (excited at 230 nm) 
was decomposed into several Gaussian subbands, excluding the narrow Tb^3+ lines, which were 
selected separately or removed for clarity. The analysis revealed three main broadband components 
with peak positions approximately at 400 nm, 467 nm, and 507 nm (in terms of photon energy, this 
corresponds to ~3.1 eV, ~2.65 eV, and ~2.45 eV, respectively). These values closely match the subband 
energies deduced from the excitation spectrum analysis earlier (3.05 eV, 2.70 eV, 2.50 eV). Each 
subband likely corresponds to a different type of defect center recombination. The 507 nm component 
(2.45–2.50 eV) is attributed to F-centers. In the classical model, an F-center can trap a hole (forming 
an excited state F) and then emit a photon upon relaxation to the ground state. Andriychuk et al. 
observed broad luminescence with a wavelength of 2.5 eV in GGG and attributed it to such 
recombination of radiation-induced color centers [56]. Our results are consistent with this: the 507 
nm band appears in the unirradiated crystal (which likely contains some intrinsic oxygen vacancies 
from growth). Our data convincingly show that the key effect of defective optics of GGG is the broad 
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band at ~500 nm (≈2.5 eV): its amplitude is maximum at 7 K, and at 300 K it almost completely 
disappears while narrow Tb³⁺ lines are preserved, confirming its matrix-defect nature and excluding 
the contribution of 4f–4f transitions. Gaussian deconvolution isolates the contribution at 2.50 eV as a 
signal of F/F⁺ centers (oxygen vacancies), while the neighboring subbands at 2.70 and 3.05 eV are 
associated with STE and antisites; together with edge pumping at 230 nm (≈5.4 eV) [33,56]. In support 
of this, we present the results of a study where, in epitaxial GGG films grown from a Bi2O3–B2O3 
solution-melt, the authors attribute a broad luminescence band with a maximum at about 500 nm to 
Bi3+ ions [57]. This emission, observed with selective ultraviolet synchrotron excitation, manifests 
itself as a broad band in the range of 380–750 nm. It is important to note that the authors report strong 
luminescence at room temperature (300 K), the intensity of which decreases by only 20% upon 
heating from 10 K. This distinguishes their results from our samples, in which the broad glow at room 
temperature is quenched. 
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Figure 4. Luminescence spectrum of GGG at 7 K with Gaussian deconvolution (λₑₓ = 230 nm). 

The temperature dependence of luminescence intensity for GGG crystal (Figure 4) was 
investigated. Thermal quenching of luminescence bands associated with defect centers is often 
analyzed using the empirical expression (Table 1): 𝐼 = 𝐼଴ቆ1 + ∑ 𝐵௜ 𝑒ି ா೔௞ಳ்௜ ቇ   

(1)

Where I₀ is the photoluminescence intensity at very low temperature, Bᵢ are constants, and Eᵢ are 
the activation energies of nonradiative levels. The physical meaning of Bᵢ depends on the adopted 
model of thermal quenching. The calculated activation energies are summarized in Table 2. 

For all four emission bands centered at 406, 467, 507, and 550 nm, an initial decrease in intensity 
is observed with increasing temperature. This behavior is governed by a shallow activation channel 
with E1 = 5–8 meV and B1 = 3.65–11.5. The characteristic onset temperature 𝑇on ≈ 𝐸ଵ/ሾ𝑘B ln𝐵ଵሿ is 
found to be 31–35 K for the 467 and 507 nm bands and ~46–54 K for the 406 and 550 nm bands. This 
regime corresponds to thermal release of carriers from very shallow localized states within the defect 
complex, leading to a redistribution between radiative and nonradiative pathways even at cryogenic 
temperatures. 

The dominant contribution originates from a second channel with activation energies E2 = 41.7–
55.6 meV and large pre-exponential factors B2 = 50–615. The temperature of half-quenching, defined 
by 𝐼൫𝑇ଵ/ଶ൯ = 𝐼଴/2 , is estimated as 𝑇ଵ/ଶ ≈ 𝐸ଶ/ሾ𝑘B ln𝐵ଶሿ ). For the 507 and 467 nm bands, 𝑇ଵ/ଶ ≈100– 103 K; for the 406 and 550 nm bands, 𝑇ଵ/ଶ ≈ 123– 124 K. These values are in full agreement 
with the experimental trends shown in Figure 4b, where the intensity decays by approximately one 
order of magnitude between 80 and 150 K and approaches the noise level above 150 K. 

The 467 and 507 nm bands exhibit nearly identical activation parameters (𝐸ଶ ≈ 55.6 meV, large 
B2), indicating a common origin associated with recombination involving oxygen vacancies in F/F+ 
configurations. In contrast, the 406 and 550 nm bands, characterized by slightly lower activation 
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energies 𝐸ଶ ≈ 41.7– 41.8 meV and significantly smaller B2, reflect contributions from defects which 
possess a weaker temperature sensitivity and persist to slightly higher temperatures. 

Unlike the defect-related broad bands, the sharp 4f–4f transitions of Tb3+ remain observable at 
300 K due to strong shielding of the 4f electrons, confirming that the broad emission is not impurity-
derived but arises from matrix intrinsic defects. 

The temperature dependence of photoluminescence quantitatively demonstrates that defect-
related emission in GGG is governed by the competition between a shallow activation channel (5–8 
meV) dominating at 20–50 K and a main nonradiative channel with activation energy of 42–56 meV, 
which controls the quenching between 100 and 150 K. The derived activation energies and intensity 
trends are consistent with recombination processes involving oxygen-vacancy-related centers (F/F+) 
and associated defect complexes [31,56], explaining the disappearance of the broad emission band 
near 500 nm at room temperature while the Tb³⁺ lines remain unaffected. 

In contrast to our non-irradiated GGG crystal, where the defect-related emission band near 2.5 
eV (≈500 nm) is fully quenched by ~300 K due to shallow activation energies (~42–56 meV), strongly 
X-ray–irradiated GGG (GGG-V) reported by Andriichuk et al. [56] retains the same emission to 
temperatures above 500 K. In those irradiated samples, the excitation spectrum contains two 
pronounced bands at 4.5 and 5.44 eV, and distinct TSL and thermally stimulated electron emission 
peaks appear in the range 145–285 K, indicating the formation of deeper and thermally stable oxygen-
vacancy–related trap complexes. Thus, our results represent the behavior of as sintered, shallow 
defect centers, whereas the literature data reflect radiation-induced stabilization of deeper vacancy 
aggregates. 

Table 2. Obtained by Eq(1) activation energy values of defect centers in GGG single crystal. 

λem, nm B1 E1, meV B2 E2, meV 
406 3,65 6 50,3 41,7 
467 7.9 5.6 521 55.6 
507 11.5 7.3 614.9 55.6 
550 5,95 6,2 51,7 41,8 
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Figure 4. Temperature dependence of the luminescence spectra GGG single crystal  (a) and temperature 
dependence on several bands (b). 

4. Conclusions 

In this work, we have established the optical signatures and thermal stability of defect-related 
luminescence in as-grown GGG single crystals. Low-temperature photoluminescence spectra reveal 
a broad emission band centered near ~2.5 eV (~500 nm), accompanied by characteristic 4f–4f 
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transitions of residual Tb3+ ions. Spectral deconvolution demonstrated that the broad band consists 
of three contributions located at ~3.05, 2.70, and 2.50 eV, which were assigned to self-trapped exciton 
recombination, antisite-defect–assisted emission, and oxygen-vacancy centers (F/F+), respectively. 

The temperature dependence of the luminescence intensity showed that the defect-related 
emission is controlled by two thermally activated nonradiative channels with activation energies of 
~5–8 meV and 42–56 meV. The main quenching occurs between 100 and 150 K, leading to the near-
complete disappearance of the broad emission at room temperature. This behavior confirms that 
shallow vacancy-related centers dominate the recombination processes in the as-grown material. 

Comparison with previously reported X-ray–irradiated GGG demonstrated a notable difference 
in trap depth and thermal stability: while irradiated crystals retain 2.5 eV emission up to >500 K, the 
emission in our samples is fully quenched by ~300 K. Thus, the present study characterizes the 
luminescence behavior of native defect complexes and provides quantitative insight into their 
recombination and thermal deactivation mechanisms, relevant for the optimization of garnet-based 
scintillators and optical ceramics. 
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