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Gadolinium gallium garnet (Gd3Ga5O12) single crystals are widely used as substrate 
materials for epitaxial films and microwave devices. Presence of point defects and their associates 
in structure influences a number of physical properties and hampers use of these crystals in devices. 
During the last few years a considerable work has been carried out on study of optical properties of 
irradiated Gd3Ga5O12 [1-5]. However, models explaining changes of optical properties offered by 
various authors are inconsistent. Results of investigation of the effects of irradiation with fast and 
thermal neutrons and thermal treatment on absorption spectra are presented for Gd3Ga5O12 single 
crystals. 
 

EXPERIMENTAL 
 

The pure Gd3Ga5O12 crystals and those doped with Ca2+ions used in this investigation were 
grown by the Czochralski method in Russia and Ukraine. The samples were prepared in the form of 
a flat wafer 0.4 to 0.8 mm thick oriented in the (111) plane with polished surfaces. 

The neutron irradiation was performed at Latvian 5 MW water-water research reactor. The 
fluence of fast neutrons with energy > 0.1 MeV was in the range of 1014 – 6.8.1018 cm-2. The 
irradiation temperature did not exceed 350 K. A cadmium filter was used for absorption of thermal 
neutrons. The thermal neutrons fluence did not exceed 6.8.1018 cm–2. The thermal evolution of 
absorption bands was observed at isothermal annealing and at isochronal annealing in thermal 
region 300-1100 K in electric field 1 kV/cm and without field. The lattice parameter has been 
measured for irradiated and annealed samples by X-ray difractometer DRON UM-2 (Russia). 

The optical absorption spectra were measured using “Specord M-40” (Karl Zeiss Jena) 
double-beam spectrophotometer operating in the wavelength region of 50000-11000 cm-1 
(200-900 nm). Optical measurements before and after irradiation were carried out at room 
temperature. 
 

RESULTS AND DISCUSSION 
  

The absorption spectra of pure Gd3Ga5O12 shown the sharp lines in UV region connected 
with Gd3+ electron transition from ground state 8S7/2 to excited states 6P7/2,5/2,3/2, 6I17/2,11/2,9/2.7/2 and 
6D9/2,7/2,3/2,1/2. The single crystal of Gd3Ga5O12 containing Ca impurity has the additional band 
~29000 cm-1 (350 nm). After neutron irradiation the additional bands 33500 cm-1 (298.5 nm) and 
23000 cm-1 (435 nm) may be distinguished in optical absorption spectra. These band positions are in 
good agreement with those obtained by Matkovskii [4]. At fluence increasing up to 1016 cm-2 we 
observed one more absorption band at ~36000 cm-1 (280 nm). With fluence increase its intensity 
arises and bands overlap each other. 

The evolution of the ~36000 cm-1 absorption band during isochronal annealing in pure and 
doped crystals is shown in Fig. 1. Activation energies of the thermal dissociation of defects 
connected with this band are determined using isothermal annealing data. This value for the 
additional absorption band ~36000 cm-1 annealed in the electric field is Ea ≈ 0.96 eV and annealed 
without electric field – Ea ≈ 1.38 eV. The activation energy depends on separation distance in the 
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vacancy-interstitial ion pair and increases with growth of this distance. The distortion around this 
close pair reduces the displacement activation energy of interstitial ions [6]. The obtained results 
allow suggest that the thermal destruction of bands is related to the migration of interstitial ions. 
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Fig. 1 Intensity of the ~36000 cm-1 

absorption band as function of 
annealing temperature for Gd3Ga5O12 
irradiated with fast neutrons: Ï –
 annealed in electric field; È – annealed 
without field; and Gd3Ga5O12:Ca: ¯ –
 annealed without field. 

Fig. 2. Lattice parameter of Gd3Ga5O12 as 
a function of neutron fluence:l – fast 
neutrons, p – thermal neutrons. Lattice 
parameter of Gd3Ga5O12 as a function of 
annealing temperature: ¢ – fast neutrons, 
r – thermal neutrons. 

 
 

The change of lattice parameter after irradiation with fast and thermal neutrons and after 
isochronal annealing is shown in Fig. 2. One can see that the fluence increase produces the 
considerable growth of the lattice parameter. The isochronal annealing up to 1100 K restores the 
lattice parameter and absorption spectra revert to the original shape.  

The magnitude of gadolinium entering in octahedral sublattice may be determined from the 
lattice parameter change. The magnitude of gadolinium entering in octahedral sublattice was 
estimated using the lattice parameter change and the equation from Allibert at al. [7]. This value is 
0.011 for nonirradiated crystal, 0.345 in the case of irradiation with thermal neutrons (maximum 
fluence 6.7.1018 cm-2) and 0.218 in the case of irradiation with fast neutrons. The Gd3Ga5O12 lattice 
parameter depends not only on gadolinium and gallium correlation in a crystal [8] and presence of 
oxygen vacancies [9] but also on presence of vacancies in gallium sublattice [10], which is in 
agreement with conditions of the Gd3Ga5O12 single crystal growth [11]. 

During irradiation of the samples, the radiation energy is mainly spent on excitation of the 
electron subsystem of the crystal, i.e. on ionizing. A part of radiation energy is lost during elastic 
collisions of radiation particles or secondary ones with crystal atoms. There are different ways in 
which atoms can be displaced by elastic collision processes, but it is evident that in any case a 
certain minimum amount of energy has to be used for displacement of a lattice ion [12]. If oxygen 
vacancies are present in the crystal, they should form electron traps and produce F+ centers under 
exposure to ionizing radiation. The energy levels of F+ center vary widely in oxide hosts. In yttrium 
aluminium garnet (YAG), three broad optical absorption bands at 800, 450 and 350 nm have been 
identified as transition of the F+ center [13, 14]. However, the F+ center in YAG is unstable at room 
temperature. If the F+ center exists in Gd3Ga5O12, it also may be unstable at room temperature [15]. 
The displacement defect formation in gadolinium gallium garnet single crystals under electron and 
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neutron irradiation was investigated in details in [2, 4, 16]. They suppose that in the irradiated 
Gd3Ga5O12 crystals, as the capture of electrons generated during irradiation on oxygen vacancies 
created in Gd3Ga5O12 due to atom displacement is quite probable, F+ centers with the absorption 
band in the 33500 cm-1 range are formed. 

Since the additional band ~36000 cm-1 arises only in the neutron irradiated samples at 
fluence about ~1016 cm-2 we assume that this band is connected with “vacancy – interstitial” pairs. 
The lattice parameter changes after neutron irradiation confirm this assumption. Transition of a 
gadolinium ion into octahedral sublattice causes the displacement of a gallium ion into interstitial 
site. The annealing restores the initial equilibrium state. The restoration process is more intensive in 
electric field. Distinction of thermal destruction energies obtained for annealing in and without 
electric field allows believe that presence of electric field increases probability of recombination of 
a vacancy – interstitial pair. 
 
References 
 

[1] R. Metselaar, J. P. M. Damen , P. K. Larsen, M. A. H. Huyberts, Phys. Stat. Sol.(a) 
34, 665 (1976). 

[2] S. B. Ubizskii, A. O. Matkovskii, D. Yu. Sugak, R. M. Kholyavka, U. A. Ulmanis, 
L. E. Vitruk, V. I. Litvinenko, B. M. Kopko, Izv. Akad. Nauk Latv SSR Ser. Fiz. tekh. Nauk. 6, 
12 (1989). 

[3] L. G. Zhang, C. Lin, Y. Wang, B. Han, J. Chin. Silic. Soc. 11, 399 (1983). 
[4] A. Matkovskii, D. Sugak, S. Ubizskii, U. Ulmanis, A. Shakhov, Phys. Stat. Sol.(a) 

128, 21 (1991). 
[5] P. Potera, A. Matkovskii, D. Sugak, L. Grigorjeva, D. Miller, V. Pankratov, Rad. 

Effectts & Defects in Solids 157, 709 (2002). 
[6] A. C. Damask, G. J. Diens, Point defects in metals, N-Y, L, Gordon & Breach Sc. 

Publ. 1963. 
[7] M. Allibert, C. Chatillon, J. Mareschal, F. Lissalde, J. Crystal Growth 23, 

289 (1974). 
[8] K. Kitamura, Y. Miyazawa, Y. Mori, S. Kitamura, J. Cryst. Growth 64, 207 (1983). 
[9] B. Cockayne, J. M. Roslington, A. W. Mori, J. Mat. Sci. 8, 382 (1973). 
[10] G. M. Kuzmichova, S. N. Kozlikin, E. V. Zharikov, S. P. Kalitin, V. V. Osiko, Zh. 

neorg. Chem. 33, 2200 (1988). 
[11] C. D. Brandle, D. C. Miller, J. W. Nielsen, J. Cryst. Growth 12, 195 (1972). 
[12] W. A. Sibley, Nuclear Instrument and Methods in Phys. Research B1, 419 (1984). 
[13] L. G. Karaseva, Yu. Konstantinov, V. V. Gromov, Radiat. Phys. Chem. 26, 

723 (1985). 
[14] K. Mori, Phys. Stat. Sol. A42, 375 (1977). 
[15] G. J. Pogatshnik, L. S. Cain, Y. Chen, B. D. Evans, Phys. Rev. B 43, 1787 (1991). 
[16] S. Ubizskii, A. Matkovskii, N. Mironova-Ulmane, V. Skvortsova, A. Suchocki, 

Y. Zhydachevskii, P. Potera, Phys. Stat. Sol.(a) 177, 349 (2000). 
 

 
 
 
 
 
 


