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Abstract. Paramagnetic Ce**, Th*" and Ho®" centers in the yttrium position in yttrium aluminum
garnet (YAG) crystals investigated by the EPR spectroscopy. Along with the main EPR signals of
Ce*" and non-Kramers Th** ions located in a regular environment a number of new centers with
less lines intensity with different g-factors and zero-field splitting observed. The number of lines
and the symmetry of these centers indicate that they belong to cerium and terbium ions, near
which there are Y, antisite defects (Y** in octahedral positions of AI*) or Aly (AP in
dodecahedral positions of Y**). In addition to the main EPR signals of non-Kramers Ho** ions
located in Y**, a number of less intense lines with different parameters also attributed to antisite
defects.
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1. Introduction

Garnet crystals activated by rare-earth ions are widely used in quantum electronics and
optoelectronics, employed as scintillators in nuclear physics and medical diagnostics; they are also
promising systems for quantum calculations [1-5].

Growth of these crystals from the melt can accompanied by appearance of transposition
defects, also called antisite defects. In yttrium-aluminum garnet (YAG) Y3Als0;, crystals they
appear, when AI** ions are replaced by Y** ions (denoted as Ya)) or when dodecahedral Y** is
replaced by AI** (Aly). Theoretical calculations of the formation energy of various defects in YAG
crystals have shown that the antisite defects dominate among intrinsic defects, since their formation
energy is lower than that of Frenkel and Schottky defects [6-8]. Calculated energies of crystal
lattice distortions caused by the antisite atom Y ai(a) agree well with the results obtained by the
EXAFS measurements. First-principle simulations of the atomic and electronic structure of the
antisite defects in YAG based on the density functional theory performed in [9, 10]. According to
these studies, substitution of yttrium for octahedral positions of aluminum Y (a) is the most
favorable among all possible ways of insertion of additional yttrium cations in the YAG structure,
and the calculated concentrations of defects of this kind agree well with experimental estimates [8].
Aly substitution has higher formation energy even at the excessive content of Al,O3, which points
to a small probability for formation of defects of this type. Antisite defects result in appearing of
electron traps and influence remarkably the recombination processes and luminescence decay time
in garnet-based scintillators [11, 12]. Therefore, investigations of antisite defects are important from
the practical point of view, to improve scintillators based on cerium-containing garnets for example.
Obviously, progress in these fields depends in many respects on the degree of understanding of the
spectroscopic properties of the considered crystals and development on this basis of methods for
producing crystals with desired parameters. One of the direct methods of investigation of the
spectroscopic properties of materials is electron paramagnetic resonance (EPR) which makes it
possible to determine the chemical and charge states of an impurity center, its local symmetry, the
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composition of the nearest environment, the structure of energy levels, the specific features of the
interaction with the crystal lattice, etc.

Antisite defects are not paramagnetic, so their direct observation by means of EPR is
impossible. However, due to significant difference in the ionic radii (Ra’"= 0.57 A, Ry** = 1.02 A)
replacement of AI** ions by Y*" and vice versa should lead to a significant distortion of the crystal
lattice near the paramagnetic center. Oxygen ions, belonging at the same time to the environment of
the paramagnetic center and of the antisite defect, shifted. Distortions in the nearest surrounding can
thus make the effect of the antisite defects observable in the EPR spectra of the paramagnetic
centers situated near the defect positions. Ce®" ions were studied in YAG by EPR and lines of lower
intensity were observed in [13] along with intensive main EPR lines of Ce**. They ascribed to the
Ce®* ions having an antisite defect Y and Aly in their environment. EPR spectra of Tb** and
satellite lines in YAG at 94 and 130 GHz obtained recently and reported in [14]. Ho®*" ions were
studied in YAG by wide-band EPR and a number of lines of lower intensity were observed [17].

2. Experimental date and discussion

Y3Als012:Ce, Y3Als012:Th and Y3Als012:Ho* single crystals were grown in the Institute for
Physical Research of the National Academy of Sciences of Armenia (Ashtarak) in molybdenum
containers using oriented crystallization by the vertical Bridgman method [15, 16].

Ce* ions have one unpaired 4f electron. Its ground state is split due to the spin-orbital
interaction and crystalline field. The ground state with the electron configuration 4f* has two levels
2F., and 2F7, with the gap of about 2000 cm* between them. The second and third Kramers
doublets in Ce** possess high energies in YAG (228 and 587 cm ™), and hence, EPR transitions are
observed only between the components of the lower Kramers doublet. EPR spectra of Ce** can be
described by the spin Hamiltonian orthorhombic symmetry using the effective spin of S = 1/2 and
an anisotropic g factor [14].
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Fig. 1. EPR spectrum of the main and satellite lines of the Ce** ions in YAG single crystal for the orientation
B || [001] at frequency v =9.35 GHzand T = 4.2 K.

Fig. 1 shows a fragment of the Ce** EPR spectrum recorded at X-band (9.35 GHz) in the
YAG: Ce crystal in the B || [001] orientation. Apart from the central intensive line the three most
intensive additional lines marked in blue in spectrum corresponds to the peaks in the spectra
assigned to the Ce®* ions having an antisite defect of the Ya type in their environment. The g
factors for these lines in higher fields (g, = 2.7, 2.70 and 2.67) are smaller than for the cerium ions
in the regular environment: g, = 2.74. Parameters of the g tensor depend on the crystalline field in
the disposition point of Ce®** and are thus sensitive to changes in the nearest environment. Three less
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intense lines marked in red in fig. 1 on the lower-field side with g, = 2.81, and 2.97 are assigned to
cerium ions associated with an antisite defect of the Aly type.

EPR spectra of Th®" in YAG at 94 and 130 GHz obtained recently and reported in Ref. [14].
The zero-field splitting A between the lowest singlet levels of the non-Kramers quasi-doublet of the
Tb* (4f%, the ground state "Fe) is very sensitive to the symmetry of the environment and, hence, to
the presence of defects near the paramagnetic ions. As in the case of Ce®* ions, weaker EPR peaks
also observed and assi?ned to the terbium paramagnetic centers with altered parameters. Terbium
has one stable isotope ***Tb (natural abundance 100%) with the nuclear spin of | = 3/2, and hence
the EPR spectrum contains four equidistant lines of the hyperfine structure.
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Fig. 2. EPR spectrum Y3Al;04,:Tb at a frequency of 130 GHz with orientation of external magnetic field
B || [001]. EPR lines of the main Tb** (black) and additional centers Th*" (blue).

The centers of Tb* in YAG with regular environment give the most intense EPR lines
presented in Fig. 2 (the hyperfine quartet marked in black) with zero-field splitting A = 81.1 GHz.
The spectrum, in addition to these main centers, contains three weaker EPR lines for other types of
terbium centers, labelled in Fig. 2 (blue lines). They show the same hyperfine structure as the main
centers, and their energy levels differ from Tb** by the value of zero-field splitting. The zero-field
splitting A of these three additional Th** centers in YAG (Fig. 2) are larger (93.5, 98.03 and 115.1
GHz) than for the main center type. An increase in the splitting A for Th** means that the O ions
shift closer to the paramagnetic center (compression of the oxygen dodecahedron). It can be
concluded that the observed satellite peaks belong to Th** ions associated with the Y ala) type
antisite defects. Angular dependences for these centers are similar to the dependence for the main
center of Th**, so these centers may identified as Th*" ions in dodecahedral positions of the garnet
lattice.

Cerium has no stable odd isotopes, so its EPR spectra do not show hyperfine structure which
could relate unambiguously to cerium ions. The conclusion that the weak signals belonged to Ce**
made in [13] based on the similarity of the orientation and temperature dependences. In the case of
Tb*" ions with the nuclear spin of | = 3/2, the weak satellite EPR signals show a clear hyperfine
structure with the same splitting and can be interpreted unambiguously as in the main Tbh** ions
occupying Y** positions in the regular environment.

Recently, additional centers of Tb®" ions with a splitting A smaller (68.3 and 76.4 GHz) than
that of the regular center have also discovered. Such centers seem to belong to a decompressed
oxygen dodecahedron, which corresponds to the substitution of the nearest yttrium node with Th**,
with a smaller ionic radius of AI** (an antisite defect of the Aly type). Figure 3 shows a fragment of
the high frequency EPR spectrum with indication of the corresponding new additional centers with
smaller A (red lines). EPR lines of the main Tb*" in fig. 3 are marked in black, the lines of the Th**
centers with larger A (Tb®" with Y antisite defect) are marked blue. More detailed studies of the
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Tb*" centers with smaller A are needed to elucidate the number of these centers and their angular
dependences.
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Fig. 3. EPR spectrum of Y3Al;04,:Th at a frequency of 148.5 GHz with orientation
of external magnetic field B || [001].

Different values of the parameter g and A give an evidence of different distortions of the
crystalline field. Evidently, substitutions Y** — AI** or AI** — Y** that occur near the impurity
rare earth Th®* or Ce®*" ions will lead to quite different distortions of oxygen polyhedra: stretching
or compression, respectively.

To explain the amount of the additional paramagnetic centers of terbium and cerium, consider
the structure of the environment of a dodecahedral center in the YAG crystalline lattice, where
these ions are localized, and possible positions of the nearest antisite defects Y occupying
octahedral Al positions a. There are 10 octahedral AI** ions sharing common oxygen ions in the
environment of the Y* position. Three possible distances from the impurity ion of terbium or
cerium to the antisite defect define three possible variants of the crystalline field distortions, leading
to the changes in the zero-field splitting A of Th*" ions and g factor values of Ce®* ions. Thus, the
presence of an antisite defect near the impurity rare earth ion of terbium or cerium should results in
formation of three types of paramagnetic centers with parameters differing from the parameters of
the ions in the regular environment. This agrees with the number of experimentally found additional
centers of Th* and Ce®*. About 6% of terbium ions are close to the antisite defect, since the EPR
signal intensity of each of the three centers is about 2% of the main Tb®" EPR line intensity. A
similar ratio observed for the cerium centers. This result agrees with the estimate made for the
YAG:Ce crystal in [13]. As mentioned above, the antisite defect Y a1 causing changes in the EPR
spectral parameters can be found in one of every ten octahedral positions of AI** in the environment
of the impurity ion Tb*" or Ce®"; thus, the concentration of antisite defects in the studied crystal is
approximately 0.6%.

The displacement of ions and the distortion of the immediate oxygen environment leads to a
change in the crystal field, and hence to a change in the spectroscopic parameters. In the case of the
Ce* ion, which does not have a fine structure (S = 1/2), this change manifests itself as a change in
the values of the g factors. In the case of the non-Kramers Tb®" ion, zero-field splitting is much
more sensitive to changes of the crystal field. Such distortions from a defect of the Y3** — AI** type
lead to a decrease in the g, component by 0.14. In the case of the non-Kramers Th*" ion associated
with a defect Y type center, the zero-field splitting increases by 34 GHz, and decrease by 12.8
GHz for AI** — Y*" type defects in the immediate vicinity of the paramagnetic center.

In [17], using wide-band EPR spectroscopy, non-Kramers Ho®" ions in yttrium aluminum
garnet, which replace Y** ions in the dodecahedral positions of the crystal lattice were detected. The
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formation of a quasi-doublet, within which resonant transitions were observed, is associated with
the splitting of the main multiplet of the °Is holmium ion in a crystal field of D, symmetry in the
dodecahedral Y** site. Eight lines of hyperfine structure are observed, definitely indicating that the
signals belong to the holmium ion (***Ho, nuclear spin | = 7/2, natural abundance of 100%). Figure
4 show the EPR spectrum of Ho® ion in Y3AlsO1,. The figure shows only four of the eight
components of the hyperfine structure for simplicity marked by arrows at the top.
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Fig. 4. EPR spectrum of Ho®" ions in single crystals of yttrium aluminum garnet at
T=4.2K,and v =170 GHz.

In addition to the main Ho®" intensive lines in the spectrum, there are a number of satellite
lines of lower intensity marked by arrows from below (Ho**-AD). They show the same hyperfine
structure consisting of eight components as the main centers. The origin of these lines is associated
with Ho®" ions having an antisite defect in their environment. The sample orientation in magnetic
field was chosen near B || [001] so that the resolution of the satellite lines was the best.

3. Conclusions

Thus, we can conclude that EPR spectroscopy, being sufficiently sensitive to changes in the
nearest environment of a paramagnetic center can be used to detect and study transposition defects
(antisite defects) both in yttrium-aluminum garnet crystals and in other materials.
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