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Abstract—Investigation of the EPR spectrum of Y;Al;04,:V crystals have made it possible to determine the

parameters of the fine and hyperfine structures of trigonal V2 centers. The existence of V2" triclinic centers
that arise as a result of association of V2" sites with defects that lower the symmetry is established.
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1. INTRODUCTION

Crystals of yttrium—aluminum garnet Y;Al;0,,
(YAG) doped with V3* ions are extensively used in
laser technology, in particular, as passive shutters for
near-infrared lasers and composite laser components
for solid-state lasers. The phototropic properties of
these crystals are determined by the energy structure
and relaxation characteristics of the V3* ions, which
replaced A’ and are in a tetrahedral coordination
environment of oxygen atoms (point symmetry
group S,).

Vanadium ions in charge state V?*, which substi-
tuted octahedral AI** positions with the Cs; symmetry
in YAG, were discovered in [1, 2]. The authors of [1]
observed X-band ESR signals of four magnetically
nonequivalent V2* centers with well-resolved hyper-
fine structure (HFS) in orientations B || C,, C,, and C,
in the (B is the magnetic field induction) and inter-
preted them qualitatively without giving the values of
the fine and hyperfine structure parameters.

In [2], the ESR spectra of YAG:V?" in the fre-
quency ranges of the X and Q bands, as well as in the
frequency range of 22—70 GHz on a tunable spec-
trometer were studied. The values of the g-factor,
zero-field splitting (ZFS), and parameters of hyper-
fine interaction (HFI) of trigonal V2* centers were
determined. The observed asymmetry of ESR lines of
transition —1/2 <> 1/2 at B || C; was explained by the
scatter of the rhombic parameter near its zero value.
The origin of the rhombic distortion was not discussed
[2].

In this study, the symmetry and structure of para-
magnetic centers V?* in yttrium—aluminum garnet
crystals are investigated.

2. PREPARATION OF SAMPLES
AND MEASUREMENT TECHNIQUES

The YAG:V?" single crystals were grown at the
Institute for Physical Research, Academy of Sciences
of Armenian SSR (Ashtarak), by the method of verti-
cal directional crystallization from the melt in molyb-
denum containers. In order to obtain V?* ions embed-
ded in the crystal, additional tetravalent impurities in
the form of SiO, were introduced into the melt. The
concentration of vanadium ions in the batch mixture
was 0.03 at %.

The EPR spectra were recorded on an EMX Plus
Bruker X-band spectrometer at room temperature in
magnetic fields of up to 1.5 T. The samples were placed
in a fluoroplastic barrel fixed on the rod of a standard
uniaxial automatic goniometer, which enables the
rotation of the crystal in the vertical plane. Thus, it was
possible to obtain any orientation of the magnetic field
in the sample.

3. RESULTS

As in [1, 2], four magnetically nonequivalent V2*
centers (electron spin S = 3/2) were observed in the
EPR spectrum of the studied samples, the principal
Z axes of which coincide with the trigonal crystal axes.
The eight-component hyperfine structure of the HFS
of electronic transitions arises from the interaction
with 'V nuclei (nuclear spin / = 7/2, natural abun-
dance 99.76%). In a cubic YAG crystal (space group

Ia3d (020)), AI¥* ions occupy eight octahedral (local
symmetry Cs;) and six tetrahedral (symmetry group
S4) positions [3]. The magnetic multiplicities for cen-
ters with spin §'= 3/2 in these positions will be 4 for the
octahedron and 3 for the tetrahedron. The Y3* ions are
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Fig. 1. EPR spectra (the first derivative of the absorption

spectrum) of V2* ions in orientations B | C5, C,, and C, at

a frequency of 9847 MHz. The energy levels are numbered
from bottom to top. The intensity of (a) the high-field
transition at B || C; is increased by a factor of 5. The arrows

show the positions of transitions of hypothetical triclinic
centers with an even isotope.

located in oxygen cubes twisted around the C, axis and
have the D, symmetry. Thus, it is apparent that vana-
dium ions replace AI*" ions in octahedrally coordi-
nated positions of the crystal lattice. Given that the
charge states of the impurity ion and matrix aluminum

PHYSICS OF THE SOLID STATE Vol.62 No. 11

2117

Al A

380

Fig. 2. EPR spectrum (second derivative of the absorption
spectrum) of a YAG:V2" crystal at B | Cs at 9847 MHz.
The lower inclined and vertical arrows show the positions
of the transitions of the trigonal and triclinic V2t centers,
respectively. The upper arrows mark the signals of crt
and Mo>".

are not identical, local charge compensation is
possible.

Figures 1 and 2 show the EPR spectra of YAG:V?*
in orientations B || C;, C,, and C,. The strongest sig-
nals inside the HFS of vanadium in all orientations of
the magnetic field belong to the transitions of the
trigonal Mo?* center [4—6], which is a result of the
interaction of the melt with the molybdenum con-
tainer. Moreover, for the case of B|| C; (Fig. 2), a weak
signal of the trigonal Cr*" center is observed near the
signal of Mo?** [7], which appeared in the crystal as an
uncontrolled impurity. As in [2], the hyperfine com-
ponents of the V> centers exhibit strong asymmetry
(Fig. 2). The spectra show that transition 1 <> 2 (cor-
responds to transition —1/2 <> +1/2 in the notation
given in [1, 2]) of the hypothetical even isotope of the
vanadium ion, which is detected near g = 2 at B || C;,
moves to the region of g.= 4 at B L C;. This behavior
of the g-factor indicates that the center under study has
electron spin S = 3/2 and the approximation of weak
magnetic field (microwave frequency v < ZFS) is ful-
filled for it (as well as for the Mo>* center).

The spectrum of the trigonal V?>* center can be
described by a spin Hamiltonian of the following
form [8]:

Hg, = 1/3b,0y + B(BgS) + (SAI)
+1/300,(1) - g,B,(BD),

where g is the g tensor, [ is the Bohr magneton, O, is
the Stevens spin operator, b,, is the fine structure
parameter, I and O,y(/) are the Stevens nuclear spin
operators, A is the hyperfine interaction tensor, Q is
the quadrupole interaction parameter, g, is the nuclear
g-factor, and B, is the nuclear magneton.
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It should be noted that the problem of optimizing
the parameters of Eq. (1) cannot be divided into stages
of determining the fine and, subsequently, hyperfine
constants because of the large value and apparent
nonequidistance of the HFS (Fig. 2). In addition, the
absence of transitions from the HFS of eight intense
components that are attributed to intradublet transi-
tion 3—4 and interdoublet transition 2—3 in the exper-
imental spectrum predetermines a large error in the b,,
parameter, since the positions of the HFS compo-
nents of intradublet transition 1—2 determine the ZFS
value only indirectly.

The use of the positions of the most intense HFS
components of five electronic transitions (two transi-
tions at B || C;, two transitions at B || C,, and one tran-
sition at B || C,) and the orientational behavior of the
HFS components of transition 1 <> 2 in the range of
polar angles 8 = 0—19°, as well as the diagonalizations
ofthe 32-order energy matrix ((25+ 1)(2/+ 1)), inthe
fitting procedure led to the following values of the
parameters of Eq. (1) in coordinate system Z || C; over
sixty six experimental points with a standard deviation
of F= 17 MHz:

g =1985 g, =1.975
A, =234 MHz,

|by| = 10545 MHz,
A, =226 MHz

The small number of experimental points is due to the
difficulty of assigning the HFS components to the
corresponding electronic—nuclear energy sublevels in
the polar angular dependence near C;. At small angles
(up to 6 = 7°), the high-field components fall into the
region of intersection of electronic states +1/2 and
—3/2; at large angles, the mid-field components are
split into a large number of components comparable in
intensity, due to the appearance of forbidden transi-
tions in the HFS (electronic transitions with a change
in the projection of the nuclear spin). Comparison of
the obtained values with the published results [1, 2]
shows a substantial difference in the values of some
constants. Moreover, it should be born in mind that
the b,, and ZFS values are confused in [1].

4. DISCUSSION

Figure 3 shows the electronic energy levels and only
the observable transitions (Figs. 1 and 2) of the V**
centers in orientations B || C5, C,, which are calculated
using the parameters of Eq. (2), but excluding the
HEFS. Most electronic—nuclear states in the region of
the intersection of levels —3/2 and +1/2 are repulsed
due to hyperfine interaction, which can lead to distor-
tion of the hyperfine structure. According to the cal-
culations, the intensities of transitions 3—4 in orienta-
tions 0 = 0°, 8 = 70.5°, and 6 = 90° are extremely low
and, as a result, their signals are not observed (Fig. 1).

The result of calculation with the above parameters
of the HFS of transitions of V2* in orientations B || C;,
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Fig. 3. Energy levels and the observed transitions of A\
centers in the following orientations: (a) B || C3, the solid

curve corresponds to polar angle 8 = 0°, and the dashed
line corresponds to 6 = 70.5°; (b) B || C,, the solid curve

corresponds to polar angle © = 35.2°, and the dashed line
corresponds to 6 = 90°. The frequency is 9847 MHz.

C,, and C, shows that there should be doublets of
weaker signals between the intense components due to
forbidden transitions. These doublets have the stron-
gest intensity comparable with the intensity of the
eight main HFS components at B L C, (for 6 =
35.26°). The experimental and calculated HFSes of
this transition are shown in Fig. 4. Unfortunately, the
signal of the trigonal center of Mo3" is superimposed
on the central part of the structure, but the correlation
in the intensities and positions of the doublets in the
experimental and calculated spectra is clearly visible
though. Reliable identification of forbidden transi-
tions gives grounds for determining the quadrupole
interaction parameter, and good match of the posi-
tions of all calculated and observed components in
Fig. 4 indicates its small value relative to the A con-
stant. With addition of the positions of forbidden tran-
sitions from orientation B || C, (Fig. 4) and addition-
Vol. 62
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Fig. 4. Experimental and calculated HFSes of transition
1 <> 2 at B | C,: the (a) first and (b) second derivatives of
the absorption spectrum, and (c) is the calculated spec-
trum.

ally identified (in the approximation of a small value of
the quadrupole interaction parameter) HFS compo-
nents from the polar angular dependence near C; to
the fitting procedure, the following values were
obtained for the parameters of Hamiltonian (1) over a
hundred one experimental points with a standard
deviation of F= 18 MHz:

g =1.98505), g, =1.97505),
|by| = 10500300) MHz, A, =236(7) MHz, (2)
A, =226(4) MHz, Q =3(5) MHz

The handbook value of the nuclear g-factor was used
in the calculations. The F value found is partially jus-
tified by the rather large width of the HFS compo-
nents of V> ions in YAG (1.5—2.0 mT) and the diffi-
culty in adjusting the required orientations of the mag-
netic field.

However, the result of calculation with parameters
(3) obtained for the high-field interdoublet transition
at B | C; gives eight identical HFS components
(Fig. 5b), which completely disagree with the experi-
mental result (Fig. la). A similar inconsistency
between the results of calculation (Fig. 6b) and exper-
iment is observed for transition 3 <> 4 at 6 = 90°
(Fig. 1b). Furthermore, the intense octets of the HFS
components used in the fitting procedure are accom-
panied by unidentified signals in the experiment (for
example, see Fig. 1c). Finally, it is seen in Fig. 2 that
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eight intense HFS components of transition 1 <> 2
(—1/2 <> +1/2) are accompanied by an octet of weak
signals shifted by about 1 mT to high fields. Thus, it is
obvious that the observed spectrum cannot be
described assuming the existence of solely a trigonal
center.

It can be assumed that the crystal contains, along
with the trigonal V?* center (C;,), triclinic centers that
arise as a result of either local charge compensation
(for example, due to the presence of silicon, see Sec-
tion 2) or the effects of unusual substitutions (antisite
defects) [9]. The nearest cationic coordination spheres
formed by Y**, Al,,, and Al,.,, ions around the V?* ions
localized in the position of octahedral aluminum are
octahedra distorted along the C; axis. Obviously, only
one of the nearest cationic sites of these octahedra is
substituted at a low concentration of defects (both
antisite and silicon).

Typically, silicon (ionic radius 0.4 A) forms cova-
lently bound complexes (SiO,)*~ in oxide crystals, in
which silicon is surrounded by an oxygen tetrahedron.
Therefore, silicon in garnet must be in place of Al
The association of V>* with such defects gives rise to
six identical, but differently oriented centers with local
symmetry C,. Since three centers among the indicated
six centers are connected by the inversion operation
with three others, only three magnetically nonequiva-
lent signals will be observed in the ESR spectra. Since
the concentration of trigonal centers is much higher
than the concentration of dimeric centers, it can be
stated that the charge of vanadium centers is mainly
compensated nonlocally.

If it is possible to rearrange the matrix ions [9] as a
result of association of V>* ions with defects Y>* —
Al and AI** — Y?**, then two physically nonequiva-
lent dimeric centers are also possible. Consequently,
six more magnetically nonequivalent spectra could be
expected in the experiment. However, ab initio calcu-
lations within the density functional theory method
[10, 11] show that the Y, substitution of octahedral
aluminum sites with yttrium ions is the most favorable
mechanism among all possible mechanisms for the
arrangement of excess yttrium cations in the YAG
structure. Thus, the presence of antisite defects of the
Y** — Al type in the coordination environment of
V2" jons is an apparent reason for the appearance of
triclinic centers.

To describe triclinic centers, Hamiltonian (1) must
be supplemented with terms of the following form:

b0y + by,05), (3)

where 0,,, are the Stevens cosine operators [8§].

The observed shift of the triclinic octet relative to
the trigonal one (Fig. 2) can be explained by the influ-
ence of parameters |b,,| = 2500 MHz (downfield shift)
and |b,,| = 250 MHz (upfield shift). Small variations of
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Fig. 5. Experimental and calculated shapes of the HFS of
transition 1 <> 2 (=3/2 <> —1/2) at B|| C5: (a) experiment;
(b) calculation with b, = 10500 MHz and b, = 0; (c) cal-
culation with b,y = 10500 MHz and b,; = 2500 MHz.

these parameters give rise to an experimental differ-
ence in the positions of two eight-component spectra
(Fig. 2).

The appearance of the b,, term with the indicated
value in Eq. (1) barely has an effect on the shape of the
HFSes of high-field transitions at B | C;, C,; a sub-
stantial effect of the b,, parameter on the shape of
these transitions is shown in Figs. 5¢ and 6¢. As can be
seen, the change in the intensity of the main HFS
components and the appearance of a large number of
forbidden electronic—nuclear transitions (see Figs. 5¢
and 6¢) makes the calculated spectrum qualitatively
close to the experimental one. According to the calcu-
lation results, satellite lines also appear in the eight
hyperfine components of the transitions (at B|| C, C,,
and C,) used in the optimization procedure.

These calculations did not take into account the
existence of spectra from two more triclinic centers
rotated at angles ¢ = +21/3. To illustrate the contribu-
tion of this effect, the arrows in Fig. 1 show the posi-
tions of the transitions of three triclinic centers of the
hypothetical even isotope of the vanadium ion with
|b,,| = 2500 MHz.

Thus, the assumption of the existence of a V2% tri-
clinic center with approximate (estimated) parameters
of the fine structure makes it possible to qualitatively
explain the experimental spectrum in all orientations
of the magnetic field. The existence of other triclinic
centers (with lower values of b,; and b,,) is supported
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Fig. 6. Experimental and calculated shapes of the HFS of
transition 2 <> 3 at 6 = 35.2° and transition 3 <> 4 at 0 =
90° (see Fig. 1b): (a) experiment; (b) calculation with
by = 10500 MHz and b,; = 0; (c) calculation with by, =

10500 MHz and b,; = 2500 MHz.

by the observed asymmetry of the line shape of the
trigonal V?* center (Fig. 2). The presence of several
physically nonequivalent dimeric centers can substan-
tially complicate the observed spectrum and reduce
the degree of resolution of the hyperfine components.
To quantitatively describe these centers (with an
arbitrary orientation of the X axis in the plane perpen-
dicular to Z || C,), it is necessary to determine the val-
ues of all parameters of Egs. (1) and (3), as well as the
terms in form c,,£2,; + ¢2,€2,,, where ,,, are the Ste-
vens sinusoidal operators and c,,, are the fine structure
parameters [8]. To solve this problem, it is necessary to
identify a sufficiently large number of electronic—
nuclear transitions existing in the crystal of triclinic
centers, which is not possible with the spectral resolu-
tion achieved in the experiments (Figs. 5¢c and 6c¢).

5. CONCLUSIONS

In the studied crystals of yttrium—aluminum gar-
net YAG:V, the EPR spectrum is a result of superposi-
tion of electronic—nuclear intense transitions of the
trigonal V?* center and weaker transitions of triclinic
dimeric centers (perhaps of several types). Most likely,
associates of V>* with rearrangement defects of the
Y** — Al type or with the (SiO,)*~ complexes are
the most common triclinic centers.
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