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Abstract—In yttrium aluminum garnet (YAG) crystals containing terbium and cerium impurities, along with
the main EPR signals of Tb>* and Ce?" ions located in the dodecahedral sites of the YAG lattice in a regular
environment, EPR lines with a lower (several percent) intensity were observed. They also belong to the para-
magnetic centers of terbium and cerium, but are characterized by slightly altered parameters—the initial level
splitting for non-Kramers Tb3* ions and g-factors for Ce3* ions. It is shown that the nature of such centers and
their number can be explained by the presence of Y, antisite defects, i.e. yttrium ions in the octahedral alumi-

num positions, in the environment of Tb3* and Ce3*.
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INTRODUCTION

Garnet crystals activated by rare-earth ions are
widely used in quantum electronics and optoelectron-
ics, applied as scintillators in nuclear physics and med-
ical diagnostics; they are also promising systems for
quantum calculations [1—5]. Growth from melt at
high temperatures can be accompanied in these crys-
tals by appearance of permutation defects, also called
antisite defects. In crystal of yttrium-aluminum garnet
(YAG) Y;Al;0,, they appear when AI’" ions are
replaced by Y** ions (situation denoted as Y,;) or when

Y?** in dodecahedral c-centers is replaced by A" (Aly).

Investigation [6] was one of the first dedicated to
X-ray analysis of aluminum and gallium garnets,
where the substitution of Y3* ions for AI** or Ga®* was
considered. The presence of antisite defects in crystals
of this type was proved in [7, 8] based on optical spec-
tra of impurity rare-earth ions. All crystals of alumi-
num and gallium garnets grown from melt were shown
to be nonstoichiometric due to insertion of some rare-
earth ions to the positions of octahedral AI*" or Ga3*.
Concentration of antisite defects Yy, in YAG is about
1.5% according to the estimate made in [7]. The pres-
ence of the antisite defects in garnet crystals was
explained to cause the noncubic lattice symmetry,
which was revealed in the study of the extended X-ray
absorption fine structure (EXAFS) [9]. Existence of
the antisite defects in YAG also follows from the mea-

surements of positron annihilation and X-ray absorp-
tion spectra near the absorption band edge [10]. Direct
observation of the antisite defects was made by nuclear
magnetic resonance (NMR) in iron-yttrium garnet
[11]. Antisite positions of yttrium ions in the lattice of
perovskite crystals YAIO; were unambiguously identi-

fied from NMR spectra of ¥Y [12].

Theoretical calculations of the formation energy of
various defects in YAG crystals showed that the
antisite defects dominate among intrinsic defects
since their formation energy is lower than that of Fren-
kel and Schottky defects [13—15]. Calculated energies
of crystal lattice distortions caused by the antisite atom
Yai() are in good agreement with the results obtained
by the EXAFS measurements. First-principle simula-
tions of the atomic and electronic structure of the
antisite defects in YAG based on the density functional
theory were conducted in [16, 17]. According to these
studies, substitution of yttrium for octahedral positions
of aluminum Y, is the most favorable among all pos-
sible ways of insertion of additional yttrium cations in
the YAG structure, and calculated concentrations of
defects of this kind agree with the experimental esti-
mates [15]. Substitution Aly has higher formation
energy even at the excessive content of Al,O;, which
points to a small probability of formation of defects of
this type.

Antisite defects lead to formation of electron traps
and influence substantially the recombination pro-
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cesses and luminescence decay time in garnet-based
scintillators [18, 19]. Therefore, investigations of
antisite defects are important from the practical point
of view, to improve scintillators based on cerium-con-
taining garnets.

Since antisite defects are not paramagnetic, their
direct observation by means of electron paramagnetic
resonance (EPR) is impossible. However, a significant

difference in the ionic radii (ri = 0.53 A, ry =
0.9 A) replacement of AI** jons by Y*>* 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, are shifted. Distor-
tions in the nearest surrounding can thus make the
effect of the antisite defects observable in the EPR
spectra of the paramagnetic centers situated in the
vicinity of the defect positions.

Trivalent impurity ions of rare-earths in YAG
occupy usually dodecahedral c-positions of the Y3*
ions. Ions of Ce3* were studied in YAG by EPR [20,
21]. Lines of a smaller intensity were observed in [21]
together with intensive main EPR lines of Ce3*; they
were ascribed to cerium ions with antisite defects in
their nearest environment. Similar to Y3*, part of the
impurity rare-earth ions may also occupy octahedral
a-positions, replacing AI’* ions. Optical spectra of
Er’* ions in the aluminum positions in YAG were
observed in [7]. Paper [22] reported on EPR spectra of
Ce*" ions in the positions of AI** in the crystal of
Lu;Al;0,, (LuAG). However, cerium centers of this
kind have not been found in YAG yet.

EPR of Tb*" ions is of special interest for studies of
antisite defects in garnet crystals. The zero-field split-
ting of the levels of the non-Kramers quasi-doublet is
very sensitive to the symmetry of the environment and,
hence, to the presence of defects near the ions. The
energy of the microwave quantum should exceed the
zero-field splitting of the Tb*' ion, and therefore a
special high-frequency spectrometer is required to
observe EPR spectra. EPR spectra of Tb3" in YAG at
94 and 130 GHz were obtained recently and reported
in [23]. As in the case of Ce*" ions, weaker EPR lines
were also observed and assigned to the terbium para-
magnetic centers with altered parameters.

The present work is dedicated to the study of high-
frequency EPR spectra of paramagnetic centers of ter-
bium and cerium in YAG:Ce, Tb crystals and to anal-
ysis of the influence of the antisite defects located near
these ions on the spectral parameters.

EXPERIMENTAL

Single crystals of Y;Al;0,,:Ce, Tb grown at 1940°C
in molybdenum containers by vertical directed crystal-
lization were studied [24, 25]; crystallization was car-
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ried out in the Institute for Physical Research of the
National Academy of Sciences of Armenia (Ashtarak,
Armenia). Cerium content was 0.1 at % relative to
yttrium. Estimates showed that the terbium concen-
tration was about 0.01%. The crystals were grown
along the crystallographic axis (100). The lattice
parameter a on the [211] facets is bigger than in the
bulk material (Aa/a = 1.3 X 10~%) [26, 27], which is
due to the difference of the growth mechanisms [28]
leading to the different concentrations of the antisite
defects Y. For example, the concentration of the
antisite defects Lu,, in LUAG was estimated from the
increase of the lattice parameters to be about 1.2% in
the volume and 2.7% on the facets [29, 30]. Samples
used in the present study were cut from the uniform
middle regions of the obtained crystals.

EPR spectra at the frequencies of 94 and 130 GHz
were recorded at the temperatures from 1.5 to 40 K using
a high-frequency EPR-ODMR spectrometer developed
in loffe Institute, which is described in [23, 31]. EPR
measurements at 9 GHz were carried out at the tempera-
tures from 4.2 to 40 K on a JEOL radiospectrometer
equipped with an ESR900 helium cryostat.

RESULTS AND DISCUSSION

Figure 1a shows energy levels of the ground state of
Tb** ions in YAG and EPR transitions at the frequen-
cies of 94 and 130 GHz with the crystal orientation
B | [100]. The EPR spectra obtained at the given fre-
quencies are shown in Fig. 1b. 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 struc-
ture. The EPR spectrum at 94 GHz contains signals
near zero magnetic field. They correspond to the ter-
bium ions whose zero-field splitting A is close to the
energy of the microwave quantum at 94 GHz. The
EPR spectrum at 130 GHz contains also lines nearly
50 times weaker than the main quartet of Tb3*; these
weak lines show a clear hyperfine structure typical of
terbium ions.

The electron structure of terbium ion Tb3" is 4f;
the ground state, according to the Hund’s rule, is 'Fj
(L =3, 5=23,J=06). In the axial-symmetric crystal-
line field the ground state is split into six doublets with
M;==16, £5, ..., =1 and asinglet with M; =0 [32]. The
doublet with M; = £6 is the lowest-energy. Admixture
of excited states by the crystalline field splits this peak
into a doublet in zero field and decreases the value of
g compared with the value of 18 corresponding to
the pure state with M; = £6.

Tb** EPR spectra can be described by the effective
spin Hamiltonian for a non-Kramers quasi-doublet
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Fig. 1. (a) Energy levels of Tb>* ions in YAG and EPR
transitions (vertical lines) at the frequencies of 94 and
130 GHz at the crystal orientation B || [100]. (b) EPR spec-
tra obtained at 7= 5 K at 94 GHz and at 1.5 K at the fre-
quency of 130 GHz in YAG:Ce, Tb. Crystal orientation is
B || [100]. The hyperfine quartets of the main terbium cen-

ters and the additional centers Tb>(I), Tb3(II), and
Tb3+([ll) are shown. EPR lines of Tb3+(l) with A =
94 GHz overlap with the signals of Tb>* and Tb3*(1D).

with the effective electron spin of §* = 1/2 and nuclear
spin of /= 3/2 [33]:

H=1;S g B+(AS, +A,S,)+A4S.1, (1)
where g is the Bohr magneton and § = 1/2 is the

effective electron spin. The first term in Eq. (1)
describes the Zeeman interaction; the second term

Table 1. Parameters of terbium centers in the YAG crystal

Center g A, GHz A, GHz
Tb* 15.7 81.09 6.41
Tb3* (1) 15.8 93.94 6.41
TH3H (1) 15.8 98.03 6.41
Tb*(111) 15.6 115.1 6.41
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describes splitting of electron levels in the zero mag-
netic field, A = (A2 + Ai)‘/ 2; the last term is the hyper-
fine interaction characterized by the constant A.

Energy levels of Tb3* in the magnetic field are given
by the following expression:

W= i%\/Az +(g.M5B, + ALY, )

where g, is the component of g factor along the z axis.
Other components g, = g, =g, = 0 for Tb3*. Principal
local magnetic axes of the paramagnetic terbium cen-
ters were chosen so that the axis z was parallel to one of
the directions (100), and the axes x and y coincided
with the directions (110).

The degree at which the degeneracy of the doublet
of the ground state of Tb** is removed (i.e., the zero-
field splitting A) depends strongly on the crystalline
field [32]. The value of A varies in a wide range in a
series of terbium-containing crystals which have been
studied by EPR. For instance, two types of Tb3* cen-
ters of CaF, show A = 5.134 and 31.67 GHz [33]; in
crystals of KPb,Cl,:Tb A =48 GHz [34]; two positions
of Tb** in forsterite Mg,SiO, have A = 194.9 and

235.9 GHz [35]. For main centers of Tb** in YAG this
value is 81.09 GHz [23].

Energy levels scheme in Fig. la corresponds to
those centers of Tb3" in YAG which give the most
intensive EPR lines. In addition to these main centers
(Tb** ions in the regular environment) the spectrum
contains weaker EPR lines for other types of terbium
centers, labelled in Fig. 1b as Tb**(I), Tb**(II), and
Tb3*(I1T). They show the same hyperfine structure as
the main centers, and their energy levels differ from
that given in Fig. 1la only by the value of zero-field
splitting. In the EPR spectra recorded at 130 GHz the
signals of Tb**(I) overlap with the signals of Tb?* and
Tb3*(II), as shown in Fig. 1b.

Parameters of terbium centers in YAG are listed in
Table 1. It is worth noting that the zero-field splitting
A of all additional Tb*" centers in YAG are larger than
for the main center type. The zero-field splitting of the
ground state of different terbium centers is compared
with the quantum energies at the frequencies of 94 and
130 GHz in Fig. 2a. For Tb**(I), A is close to the
energy of the 94 GHz quantum, and for Tb**(II) and
Tb3*(I11) the splitting exceeds the quantum energy,
and hence their EPR spectra cannot be obtained at
94 GHz.

Cerium and terbium, like most of rare-earth ions,
occupy the dodecahedral c-position in yttrium-alumi-
num garnet, substituting Y?* in its lattice positions.
There are six corresponding positions in YAG, and
thus six EPR lines of magnetically nonequivalent cen-
ters can be observed for an arbitrary crystal orienta-
tion. This statement is true for Ce3* centers, but for
Tb?* the situation becomes simpler since they have
Vol. 62
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Fig. 2. (a) Comparison of the zero-field splitting of non-
Kramers doublets of the main Tb>" center and of the cen-
ters To3 (1), Tb>* (1), and T (I11) in the YAG crystal
with the energies of the microwave quanta at 94 and
130 GHz. (b) Experimental (circles) and calculated
(curves) angular dependences of the EPR spectra at
130 GHz in the (100) plane for the four types of the T3
centers.

g, =0, and only three magnetically nonequivalent ter-
bium centers with the axial symmetry along the axis
(001) are observed for an arbitrary crystal orientation.
When the crystal is rotated in the (100) plane, only two
of three magnetically nonequivalent centers are
observed.

Angular dependences of the EPR spectra recorded
at 130 GHz in the crystallographic plane (100) for dif-
ferent centers in YAG are shown in Fig. 2b. Circles
present the experimental values of resonance fields,
and curves are calculated from Eq. (2) according to the
parameters from the table 1. Angular dependences for
Tb3*(I), Tb**(1l), and Tb3**(11l) are similar to the
dependence for the main center Tb?*, so these centers
may be identified as Tb3" ions in dodecahedral posi-
tions of the garnet lattice. Different values of the
parameter A give an evidence of different distortions of
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the crystalline field, which may appear due to defects
in the environment of the terbium ions.

EPR signals of the lower intensity were also found
for Ce*" centers in the studied YAG:Ce, Tb crystal.
Figure 3 shows a fragment of the Ce*" EPR spectrum
recorded at 130 GHz in the YAG:Ce, Tb crystal in the
orientation near B || [001] (curve /). The EPR spec-
trum of the YAG:Ce crystal acquired at 9.35 GHz is
also shown for comparison (2). Magnetic field axes are
scaled so that the positions of lines with the same g
factors coincide in both EPR spectra registered at 9.35
and 94 GHz. Three most intensive additional lines in
the spectrum (2) correspond to the lines in the spec-
trum (/). The lines of the satellite centers in the high-
frequency spectrum (/) in Fig. 3 are split due to a small
deviation of the sample orientation from the direction
[001], since small variations of the g factor lead to sig-
nificant line shifts. The g factors for these lines (g, =
2.7 for Ce3*(I), 2.70 for Ce3*(II), and 2.67 for
Ce3*(111)) are smaller than for the cerium ions in the
regular environment: g, = 2.74. Orientation depen-
dences of the resonance fields near the direction [001]
are similar for the EPR signals of the main and addi-
tional Tb*" and Ce3" centers. Analogous signals in
cerium EPR spectra were observed earlier in the stud-
ies of the satellite lines in YAG:Ce in the 3-cm wave
range [21] and were assigned to the Ce*" ions having
an antisite defect Y,, in their environment.

Ce*" ions have one unpaired 4felectron. Its ground
state is split due to the spin-orbital interaction and
crystalline field. The ground state with the electron
configuration 4/ has two levels *Fs, and 2F; , with the
gap of about 2000 cm~! between them. The second
and third Kramers doublets in Ce>* possess high ener-
giesin YAG (228 and 587 cm™'), and hence EPR tran-
sitions are observed only between the components of
the lowers Kramers doublet. EPR spectra of Ce?* can
be described using the effective spin of S = 1/2 and an
anisotropic g factor. Spin Hamiltonian has the form

H= UgS - g - B, where Uy is the Bohr magneton.
Parameters of the tensor g depend on the crystalline
field in the disposition point of Ce** and are thus sen-
sitive to changes in the nearest environment of the ion.

Cerium has no stable odd isotopes, so its EPR
spectra do not show hyperfine structure which could
be related unambiguously to cerium ions. The conclu-
sion that the weak signals belonged to Ce?* was made
in [21] 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 as in the main terbium signals—individual
Tb3* ions occupying Y3* positions in the regular envi-
ronment. Therefore, satellite EPR signals of terbium
can be reliably assigned to paramagnetic centers con-
taining single Tb*" ions.
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Fig. 3. EPR signals of different Ce3* centers recorded at
130 GHz in the YAG:Ce, Tb crystals in the orientation
close to B||[100] (spectrum 7). EPR spectrum (2) obtained
at 9.35 GHz in the YAG:Ce crystal at 7= 4.2 K is shown

for comparison.

Evidently, substitutions Y** — AI** or AI}" — Y3*
happening near the impurity rare-earth ion Tb** or
Ce3* will lead to quite different distortions of oxygen
polyhedra: stretching or compression, respectively. An
increase in the splitting A for Tb*>* means that the O?~
ions shift closer to the paramagnetic center (compres-
sion of the oxygen dodecahedron). We can conclude
that the observed satellite lines of terbium belong to
Tb** ions associated with the Y, antisite defects

(Y3* ions replacing octahedral AI*Y).

To explain the amount of the additional paramag-
netic centers of terbium and cerium, consider the
structure of the environment of a dodecahedral center
in the YAG lattice, where these ions are localized, and
possible positions of the nearest antisite defects Y,
occupying octahedral Al positions. It was noted above
that formation of antisite defects Y,, in tetrahedral
centers is hardly probable. The concentration of the
antisite defects is small, on the order of one per cent,
hence only one antisite defects Y, is expected to be
met near an impurity ion of terbium or cerium. Figure 4
shows a fragment of the unit cell of the YAG crystal
with octahedral positions of aluminum ions closest to
the dodecahedral yttrium center. There are 10 octahe-
dral AI’* ions sharing a common oxygen ions in the
environment of the Y3* position. Oxygens and tetrahe-
dral centers of aluminum are not shown in Fig. 4 for
the sake of simplicity. When AI*" is substituted for Y**
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Fig. 4. Part of the unit cell of YAG showing the distances
between the dodecahedral yttrium center and closest octa-
hedral aluminum centers.

in these positions, the crystalline field in the position
of the paramagnetic center will be quite large.

Thick lines in Fig. 4 show the distances between the
octahedral yttrium center and octahedral positions of
aluminum. The distance from the dodecahedral to the
nearest octahedral centers of aluminum in YAG takes
three values: 3.35, 5.41, and 6.79 A. More distant octa-
hedral positions are farther than 7.35 A and do not
have a common oxygen ions with the dodecahedral
c-center. Therefore the influence of an antisite defect
in that positions on the crystalline field in the dodeca-
hedral center would be less prominent than for the ten
positions closer to the c-center.

Three possible distances from the impurity ion of
terbium or cerium to the antisite defect define three
possible variants of the crystalline field distortion,
leading to the changes in the zero-field splitting A of
Tb*" 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. It agrees with the number of
experimentally found additional centers of Tb*" and
Ce3*. The strongest distortion of the crystalline field
corresponds probably to the closest antisite defect at
the distance of 3.36 A from the Tb** (Ce?*) ion. Cen-
ters Tb¥"(111) and Ce**(II) show the largest devia-
tions of the parameters from the regular values. The
smallest changes in A and g factor observed for the
centers Tb3*(I) and Ce*"(I) correspond to the antisite
defects at the distance of 6.79 A from Y3+,

Concentration of the Tb?* and Ce?* ions having an
antisite defect in their vicinity in the investigated
YAG:Ce, Tb crystal was estimated by comparing the
EPR line intensities of these centers and of the Tb3*
and Ce>" ions occupying dodecahedral centers in the
regular environment. EPR spectra presented in Fig. 1
show that about 6% of terbium ions are close to the
Vol. 62
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antisite defect, since the EPR signal intensity of each
ofthe centers Tb**(I), Tb**(11), and Tb**(I11) is about
2% of the Tb*" EPR line intensity. A similar ratio is
observed for the cerium centers. This result agrees with
the estimate made for the YAG:Ce crystal in [21]. As
mentioned above, the antisite defect Y,, causing
changers in the EPR spectral parameters can be found
in one of every ten octahedral positions of A’* in the
environment of the impurity ion Tb3" or Ce3*; thus,
the concentration of antisite defects in the studied
crystal is approximately 0.6%.

CONCLUSIONS

We can conclude that the nature of additional
paramagnetic centers of cerium and terbium in YAG
crystals is the same: they appear due to the presence of
antisite defects Y,, in the vicinity of the impurity ions.
In both cases EPR spectra of associates of the
rare-earth ions of Tb3" and Ce3" with the antisite
defects Y,, (where yttrium replaces aluminum in the
octahedral centers of the YAG lattice) are observed
together with the main signals of Tb?* and Ce>* ions
occupying dodecahedral centers in the YAG lattice in
the regular environment.
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