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Abstract

It is found that the speckle structure of the photoinduced light scattering indicatrix of the
LiNbO3:Y3*(0.46 wt%) crystal and its behavior with the time of crystal irradiation with a
laser undergo an atypical behavior caused by the features of the dissipation processes of
laser-induced defects in the crystal. In the frequency range of 100-4000 cm !, the Raman
spectra of the LiNbO3:Y3*(0.46 wt%) single crystal were recorded upon excitation by visible
(532 nm) and near-IR (785 nm) laser radiation. Five second-order Raman scattering lines
were detected in the frequency range of 1000-2100 cm~!, with the frequencies of two
of them (of about 1790 cm~! and 1940 cm~!) somewhat exceeding the doubled value
of the frequencies of fundamental vibrations of the 4A;(z)LO (longitudinal optical) and
9E(x,y) symmetry types, which allows us to attribute these lines to the overtones of the
fundamental vibrations of 4A1(z)LO and 9E(x,y). It is found that only one Raman scattering
line is observed in the region of stretching vibrations of OH-groups (3200-3800 cm~1).
The frequency of this line is found to depend on the scattering geometry, varied within
3431-3438 cm !, and to be shifted to the low-frequency region by about 30-50 cm ! relative
to the frequencies in the IR absorption spectrum. This finding may be due to the alternative
prohibition rule due to the presence of the center of symmetry of the oxygen octahedra Og
of the crystal structure.

Keywords: lithium niobate; yttrium doping; Raman scattering; second order Raman
spectra; OH-group; stretching vibration

1. Introduction

Yttrium-containing crystals are extensively used as functional materials for various
purposes: scintillators [1-4], highly efficient catalysts [5,6], wear-resistant electrodes [7],
and gas sensors [8,9]. The transition element yttrium is considered most suitable for
creating various nonlinear optical and laser materials as an element of the main matrix
and activator [10,11], including as an activator in the matrix of the nonlinear optical
crystal lithium niobate (LiNbO3), which has exceptionally high values of nonlinear optical
coefficients (ds3 = 37.8 x 10712 m/V, d3; =5.18 x 10712 m/V, dpp = 2.468 x 10712 m/V)
and quite high radiation resistance [11,12]. It should be noted that the LiNbOj5 single crystal
is transparent in the range of 0.25-5.3 um, which allows the use of materials based on it in
the visible, near-, and mid-IR (infrared) ranges. LiNbO5:Y3* crystals are also promising
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materials for nonlinear optical conversion of laser radiation [13-21], generation of THz
radiation [22,23], recording of reflective gratings [24,25], and so on.

LiNbOj; single crystals of any composition exhibit the photorefraction effect—the effect
of photoinduced change in refractive indices (optical damage) [25-27]. The photorefraction
effect limits many applications of LiNbOj3 single crystals in optics. With the photorefraction
effect, quite strong destruction of the laser beam in the crystal occurs, and photoinduced
light scattering (PILS) appears. As a result, these phenomena cause distortion of the laser
beam wavefront, which leads to distortion of the converted radiation and to instability of
the solid-state laser. If the Raman scattering and photorefraction are excited by the same
laser radiation, then photorefraction leads to the appearance in the Raman spectrum of
lines that are forbidden by the selection rules for this scattering geometry. The Raman
spectra of the LiNbO3:Y3* crystal were previously analyzed in a number of studies [27-30].
In Ref. [27], the Raman spectra in the ranges of 40-160 and 500-800 cm ™! are investigated

for the first time. A line with a frequency of 120 cm™!

was recorded, corresponding to
two-particle states of acoustic phonons with a total wavevector equal to zero, and in the
scattering geometry x(zx)y, lines of 580 cm ! and 635 cm ™! were observed. Moreover, the
fully symmetric line A;(TO) (transverse optical) with a frequency of 635 cm~! is forbidden
for observation in the Raman spectrum in the scattering geometry x(zx)y and appears in it
due to the presence of the photorefraction effect in the crystal. Also, the Raman spectra in
the range of 500-700 cm ™! in the scattering geometry z(xz)y have been analyzed. A funda-
mental Raman line with a frequency of 577 cm~! and two broad maxima with frequencies
of 602 cm~! and 620 cm~! were observed on its wing. In the region of totally symmetric
(A1(TO)) vibrations of Li* and Nb°* ions located in the Oy oxygen octahedra of the LiNbO3
crystal structure (150-350 cm 1), overlapping fundamental Raman lines with frequencies
of 254 cm~! and 275 cm ™!, corresponding to the 1A;(z) and 2A(z) modes, as well as a
weak line with a frequency of 334 cm~! were recorded. In the frequency range of stretching
bridge vibrations of oxygen atoms Nb-O-Nb (800-960 cm~!), an asymmetric fundamental
Raman line with a maximum near 873 cm ! and a broad wing with a maximum at about
900 cm~! was detected. In the scattering geometries y(zx)z and z(xz)y in the ranges of
130-170 and 500-750 cm !, the presence of fundamental Raman lines with frequencies

1 and

of 150 cm~! and 578 cm~! was detected, and lines with frequencies of 172 cm™~
605 cm ™! manifested in the spectrum due to the effect of photorefraction [28,29]. In the
scattering geometry x(zx)y, the intensity of the Raman lines at 580 cm~! and 628 cm™!
turned out to be practically identical. Also, in the LiNbO3:Y3*(0.46 wt%) crystal in the
scattering geometries y(zz)y and x(yy)x, a Raman component with a frequency of about
695 cm ! has been detected [30], the origin of which is quite ambiguous and is discussed
in Refs. [31,32]. A double-doped LiNbO3:Y:Mg single crystal grown from a congruent melt
has been studied by Raman spectroscopy in Ref. [33]. In the scattering geometry z(yy)z,
a number of fundamental Raman lines corresponding to the A;(LO)- and E(TO)-modes
were recorded.

Based on a brief review of the existing literature, it should be noted that the Raman
spectra of the LiNbO3:Y3*(0.46 wt%) single crystal earlier have been investigated only
in the frequency range of 50-1000 cm~!, in which mainly fundamental vibrations of
the crystal lattice are manifested. However, the literature completely lacks studies of
the Raman spectra of the LiNbO3:Y3*(0.46 wt%) single crystal in the frequency range
(10004000 cm '), in which second-order Raman spectra corresponding to bound states
of fundamental vibrations of the crystal lattice have been obtained for LiNbOj crystals
of other compositions [34-38]. In addition, earlier studies of the Raman spectra of the
LiNbO;:Y3*(0.46 wt%) single crystal have been performed only under excitation by a
visible laser source with a wavelength of 514.5 nm and a relatively high power (200 mW),
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causing a strong photorefraction effect [27]. It should be noted that, due to photorefraction,
lines forbidden by the selection rules for the scattering geometry under study appear in the
Raman spectrum, as well as spectral components caused by laser-induced defects. In order
to obtain information on the state of the intrinsic defect structure of the crystal, undistorted
by photoinduced processes, of considerable interest is to study the Raman spectra of
the LiNbO3:Y?*(0.46 wt%) single crystal in a wider frequency range (10004000 cm™1)
without the influence of the photorefraction effect on the Raman spectrum. To this end, it is
necessary to excite the Raman scattering with laser radiation in the near- or mid-IR ranges
that does not cause the photorefraction effect.

In this paper, comparative studies of the first-order (corresponding to fundamental
vibrations of the crystal lattice) and second-order Raman spectra of a LiNbO3:Y3*(0.46 wt%)
single crystal in the frequency range of 1004000 cm !, including the previously virtu-
ally unexplored frequency range of 10004000 cm~!, in which overtone processes and
bound states of fundamental vibrations may occur in LiNbOj3 crystals of different compo-
sitions [34-38], are performed for the first time under excitation by laser radiation in the
visible (Ag = 532 nm wavelength) and near-IR (Ag = 785 nm) ranges. The use of laser sources
with wavelengths of 532 nm and 785 nm in the current study is due to the observation that
the photorefraction effect in a LINbOj3 crystal depends on the wavelength of the exciting
radiation. The photorefraction effect is maximal when the Raman spectra are excited by
laser radiation in the visible range with a wavelength of 532 nm and is already absent when
the Raman spectra are excited by laser radiation in the near-IR range with a wavelength of
785 nm.

2. Obtaining a LiNbOj3:Y3*(0.46 wt%) Single Crystal

To grow a LiNbO;:Y3*(0.46 wt%) single crystal, we used a granulated batch
(TU 0.027.039) synthesized in the ICT KSC RAS. The batch preparation is described in
detail in Ref. [39]. The batch composition corresponded to the congruent melting com-
position (48.6 mol% Li,O). The LiNbO3:Y3*(0.46 wt%) single crystal was grown using a
platinum crucible in an air atmosphere by the Czochralski method under conditions of a
small (approximately 2 °C/cm) axial temperature gradient on a Crystal-2 setup (Voroshilov-
grad Electronic Machine Manufacturing Plant, Voroshilovgrad, USSR) equipped with an
automatic weight control system, which makes it possible to maintain constant conditions
during the crystallization of various samples and, consequently, to grow them with suffi-
ciently reproducible characteristics. Direct doping of the melt with yttrium oxide (Y,0Os3,
99.99% purity) has been performed. The single crystal was grown in the direction of the
polar axis (Z-cut) at a rotation speed of 16 rpm and a travel speed of 0.8 mm/h. The growth
rate was 1.08 mm/h. The process was completed when the crystal mass reached 130 g, with
no more than 15% of the melt mass crystallizing. The crystal parameters were as follows:
cone length—17 mm, cylindrical part length—30 mm, crystal diameter—30 mm, inverse
cone length—5 mm. The yttrium concentration was determined directly in the crystal and
is 0.46 wt%. The LiNbO3:Y3* crystal was analyzed by X-ray fluorescence analysis (XRF) on
a Spectroscan MAKS-GV (Spectron, St. Petersburg, Russia) instrument. The distribution
coefficient is Kp(Y) ~0.89. Accordingly, the yttrium concentration in the melt is about
0.52 wt%. The impurity concentration in the single crystal, determined by spectral analysis,
is given in Table 1.

Immediately before growing the LiNbO3:Y3*(0.46 wt%) single crystal, the melt was
overheated and held in the overheated state for two hours at a temperature significantly
(about 200 °C) higher than the melting point in order to increase the homogeneity of
the melt and eliminate gas inclusions. Overheating the melt promotes the destruction of
associative bonds, which in turn allows for achieving the required homogeneity of the
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single crystal. Then the melt was gradually cooled to the seeding temperature. Crystal
seeding was performed no earlier than 5-7 h after obtaining the melt.

Table 1. Concentration of trace amounts of foreign cationic metal impurities and the Curie tempera-
ture (Tc = 1145 °C) in the upper (cone) and lower parts of the LiNbO3:Y3+(0.46 wt%) single crystal.

Impurity Content, wt%

fmpurity Top Bottom
Zr <1 x 1072 <1 x 1072
Mo <1 x 1073 <1x10°3
Ca <5 x 1073 <5 %103
Fe <1 x 1073 <1 x 103
Ti <1 x 1073 <1 x 1073
Si <1 x 1073 <1 x 1073
Pb, Ni, Cr, Co <1 x 1073 <1 x 1073
Al <5 x 10~* <5 x10°*
Cu <5 x 10~* <5x 1074
Mn, V, Mg, Sn <5 x 107* <5 x 1074

In the zone of post-growth annealing of the single crystal, a virtually isothermal region
with a temperature of 1205 °C was formed. The grown single crystal was maintained at this
temperature for two hours in order to relieve thermoelastic stresses in the crystal. Then,
the crystal was cooled to room temperature at a rate of 50 °C/h. The single crystal grown
and cooled to room temperature was subjected to additional annealing in a «Lanthan»
(Voroshilovgrad Electronic Machine Manufacturing Plant, Voroshilovgrad, USSR) furnace
at 1200 °C, after which it was cooled at a rate of 20 °C/h to a temperature of 1000 °C. In
the process of cooling, a constant voltage was applied to the crystal in order to make it
monodomain. The monodomain nature of the crystals was controlled by an electroacoustic
method based on measuring the electrical impedance using a technique developed by
some of the authors [40]. It should be noted that during monodomainization, not only is a
monodomain state formed, but also there is a significant reduction in macro-, meso-, and
microdefects in the crystal.

The homogeneity of the composition of the LiNbO3:Y**(0.46 wt%) single crystal
was controlled by the chemical composition of impurities and by the Curie temperature
value measured by differential thermal analysis for plates cut from the upper and lower
parts of the single crystal boule. Table 1 shows that the LiNbO3:Y3*(0.46 wt%) crystal is
characterized by high homogeneity along the growth axis by the composition of impurities
and main components, as evidenced by the coincidence of the Curie temperatures of the
upper and lower parts of the boule. The optical homogeneity of the LiNbO3:Y3*(0.46 wt%)
crystal was also controlled by conoscopic and PILS patterns. A single crystal sample in
the form of a carefully polished plate or rectangular parallelepiped, the edges of which
coincided in direction with the main crystallographic axes X, y, and z (z is the polar axis
of the crystal), was mounted on a movable two-coordinate optical stage. This made it
possible to scan the entire plane of the input face with a laser beam and obtain a multitude
of conoscopic and PILS patterns corresponding to different sections of the cross section of
the sample under study. The scanning step was 0.5 mm.

The samples for the studies of Raman spectra were prepared in the form of a rectangu-
lar parallelepiped (size 5 x 6 x 7 mm?). The axes of the Cartesian coordinate system were
selected in accordance with IEEE standard 176-1987 [41]. The faces of the parallelepiped
were carefully polished. The samples for the studies of conoscopic and PILS patterns were
prepared in the form of carefully polished plates of 1 mm thickness.
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3. Registration of Conoscopic and PILS Patterns, Raman and IR
Absorption Spectra of LiNbOj3:Y3*(0.46 wt%) Crystal

To study the conoscopic and PILS patterns in this paper, we used the original
experimental setups and techniques described in Refs. [42,43]. We used a YAG:Nd>**
laser MLL-100 (Changchun New Industries Optoelectronics Tech. Co., Ltd., Changchun,
China) with a radiation wavelength of 532 nm and a laser beam diameter of 3 mm. The
conoscopic and PILS patterns of the sample under study were recorded on a translucent
screen using a digital camera. The conoscopic patterns were obtained at a laser radiation
power of 1 and 90 mW, and the PILS patterns were obtained at a laser radiation power of
160 mW. At a low laser radiation power of 1 mW, the photorefractive effect is exception-
ally small, so that no opening of the PILS indicatrix was observed. At such a low laser
radiation power, the conoscopic pattern reflects only the state of the intrinsic structural
defects of the crystal, since in this case there are no laser-induced defects or defects
caused by the photorefraction effect. When excited by the radiation of the MLL-100 laser
with a power of 90 mW, the conoscopic images showed both the intrinsic defects of the
crystal (determined by the composition and technology of obtaining the crystal) and the
defects induced in the crystal by the laser radiation, as well as the defects caused by the
effect of photorefraction.

Raman spectra were recorded using BWS465-5325 and BWS465-785H i-Raman Plus
spectrometers (B&W Tek, Plainsboro Township, NJ, USA) using the known technique [35].
The laser spot diameter at focus was 85 um. When recording the Raman spectra, the
laser radiation power was selected so as not to cause local heating of the sample by laser
radiation. Due to the presence of the photorefraction effect in the LiNbO3:Y3*(0.46 wt%)
crystal, the value of which can change with the time of irradiation of the crystal by laser
radiation, all spectra were recorded at least 10 min after the action of laser radiation on
the crystal, after which the photorefraction effect in the crystal no longer changes. IR
absorption spectra in the region of stretching vibrations of OH-groups were recorded
using a Bruker VERTEX 70x spectrometer (Bruker, Karlsruhe, Germany) using the known
technique [38].

4. Photorefractive Properties of LiNbOj3:Y3*(0.46 wt%) Crystal

We have investigated the photorefractive properties of the LiNbO3:Y3*(0.46 wt%) crys-
tal using laser conoscopy and PILS. The conoscopic patterns of the LiNbO3:Y3*(0.46 wt%)
crystal obtained by irradiation with laser radiation with a wavelength of A9 = 532 nm
and a power of 1 mW and 90 mW are shown in Figure 1. One can see from Figure 1 that
at a laser radiation power of 1 mW, the conoscopic pattern of the LiNbO3:Y3*(0.46 wt%)
crystal completely corresponds to a uniaxial crystal with a high degree of structural
perfection. However, with an increase in the laser radiation power to 90 mW, due to an
increase in the photorefraction effect, distortions characteristic of weak optical biaxiality
of the crystal appear in the conoscopic pattern. Namely, the circular symmetry of the
image is broken, the “Maltese cross” is deformed in the vertical direction without enlight-
enment in the center, and the angles between its branches differ from right angles. At the
same time, the isochromes en effect retain the shape of concentric circles, characteristic
of uniaxial crystals.

A direct consequence of the photorefraction effect in a photorefractive crystal is the
photoinduced scattering of laser radiation by laser-induced microdefects, the refractive
index of which differs from the refractive index of the crystal in the absence of the pho-
torefraction effect [42,43]. Figures 2 and 3 show the dynamics of the time change of the
speckle structure of the PILS indicatrix and the opening angle of the speckle structure of
the PILS indicatrix of the LiNbO3:Y3*(0.46 wt%) crystal, obtained using exciting laser ra-
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diation with a wavelength of Ag = 532 nm and a power of 160 mW. It should be noted that
the speckle structure of the PILS indicatrix of the LiNbO5:Y3*(0.46 wt%) crystal is atypi-
calfrom the speckle structures of other LiNbOj3 crystals of different compositions [43].
The dependences of the speckle structure of the PILS indicatrix and the opening angle
0 of the speckle structure of the PILS indicatrix on the crystal laser irradiation time
are also atypical (Figures 2 and 3). The time behavior of the angle 6 and the type of the
speckle structure of the PILS indicatrix (Figures 2 and 3) differ significantly from the time
behavior of similar parameters of LiNbOj3 crystals of other compositions, characterized
by different values of the photorefraction effect [42,43]. As an example for comparison,
Figure 2b shows the PILS pattern of a highly perfect LiNbO3:B**(0.83 mol% B,O3 in
the batch) crystal obtained under the same experimental conditions and the dynamics
of its development over time. The influence of the non-metallic element boron on the
structural and optical perfection of lithium niobate crystal is described in detail in a
number of papers [44—47]. From Figure 2, one can see that a three-layer PILS pattern is
observed for both crystals, which is characteristic of LINbOj crystals of different com-
positions and production technologies [42,43]. However, for the LiNbO3:Y3*(0.46 wt%)
crystal, the speckle structure of the PILS indicatrix has the form of an ellipse, and for
the LiNbO3:B%*(0.83 mol% B,Oj3 in the batch) crystal, it has the form of a well-visible
figure eight. In addition, the PILS pattern of the LiNbO3:B3*(0.83 mol% B,O3 in the
batch) crystal distictly shows the birefringence of the laser beam (Figure 4), while the
PILS pattern of the LiNbO3:Y3*(0.46 wt%) crystal does not pronounce a birefringence
(Figure 2). That is, the figure-eight appearance of the PILS pattern is due to the more
pronounced and stronger birefringence of the laser beam in the LiNbO3:B**(0.83 mol%
B,03 in the batch) crystal compared to the LiNbO3:Y3*(0.46 wt%) crystal.

Figure 1. Conoscopic patterns of the LiNbO3:Y3*(0.46 wt%) crystal obtained at Ag = 532 nm and laser
radiation power P of (a) 1 mW and (b) 90 mW.

One can see from Figures 2 and 3 that the speckle structure of the PILS indicatrix
in the LiNbO3:Y3*(0.46 wt%) crystal appears almost instantly, during the first second of
laser irradiation of the crystal. At the same time, under similar experimental conditions
(Ao =532 nm, power P = 160 mW), the disclosure of the speckle structure of the PILS
indicatrix in the LiNbO3:B3*(0.83 mol% B,03 in the batch) crystal occurs within about 60 s
after the start of laser irradiation of the sample (Figure 3).
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(a)

60 s 360 s X

(b)

Figure 2. PILS patterns of LiNbO3:Y3*(0.46 wt%) (a) and LiNbO;5:B>*(0.83 mol% B, 05 in the batch)
(b) crystals, obtained with excitation by laser radiation with a wavelength of Ag = 532 nm and a
power of 160 mW, and the dynamics of their development over time, as indicated. The exciting laser
radiation is directed perpendicular to the polar Z-axis and polarized along the crystallographic X-axis.
The polarization of the ordinary beam coincides with the direction of the X-axis, and the polarization
of the extraordinary beam coincides with the direction of the Y-axis.

20

_\

—

0

0 200 400

Time, s

Figure 3. Time dependences of the opening angle 6 of the speckle structure of the PILS indicatrix in
LiNbO3:Y3*(0.46 wt%) (1) and LiNbO3:B3*(0.83 mol% B,O3 in the batch) crystals (2). Ag = 532 nm,
P =160 mW.

It is also noteworthy that for the LiNbO3:Y3+(0.46 wt%) crystal, the central layer
(laser spot) is absent in the speckle structure of the PILS indicatrix for more than 60 s of
irradiation, Figure 2a, which is characteristic of the LiNbO;5:B3*(0.83 mol% B,0j5 in the
batch) crystal and of LiNbOj3 crystals of other compositions studied in the literature [43].
This finding indicates quite a strong dissipation of the laser radiation energy by laser-
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induced defects of the LiNbO3:Y3*(0.46 wt%) crystal and can be associated with the
redistribution of energy between the ordinary and extraordinary rays. During the
first 60 s of irradiation, the laser beam, experiencing birefringence when propagating
perpendicular to the polar z axis, is divided into two closely spaced beams of different
polarization (ordinary and extraordinary), which do not create their own laser track,
since a significant part of the beam energy scattered by laser-induced defects dissipates
into the volume of the crystal. The central layer (considerably weak) in the PILS pattern
of the LiNbOj3:Y3*(0.46 wt%) crystal appears only after about 60 s of irradiation of the
crystal with the laser beam (Figure 2), after the second and third layers of the speckle
structure of the PILS indicatrix have already formed. In this case, the central layer of
the speckle structure of the LiNbO3:Y3+(0.46 wt%) crystal is presented in the form of
separate dots (Figure 2), while for the LiNbO3:B3*(0.83 mol% B,05 in the batch) crystal
and photorefractive LINbOj3 crystals of other compositions, the central layer exists in
the form of a single bright spot [43]. It can be assumed that this phenomenon is a
consequence of the peculiarities of the interaction of laser radiation with laser-induced
defects in the structure of the photorefractive LiNbO3:Y3*(0.46 wt%) crystal. After
360 s, the laser beam in the LiNbO3:Y?*(0.46 wt%) crystal can already be observed as
a single bright spot. This behavior of the laser beam in the crystal indicates that the
LiNbO3:Y3*(0.46 wt%) crystal, after more than 360 s of laser irradiation, is no longer
able to dissipate the entire laser radiation energy flux into the crystal volume. The
unusual features of the photorefractive properties of the LINbO3:Y3*(0.46 wt%) crystal
are reflected in its Raman spectrum.

L-.

Figure 4. Birefringence of a laser beam in a LiNbOj3:B%*(0.83 mol% B,0j3 in the batch) crystal. The
central layer of the PILS indicatrix is highlighted in red and converted to black and white to enhance
contrast. Two beams (ordinary and extraordinary) are quite well visible on the output face of the
crystal as two round white spots. Ag = 532 nm, P = 160 mW. The exciting laser radiation is directed
perpendicular to the polar Z-axis and polarized along the crystallographic X-axis. The polarization of
the ordinary beam coincides with the direction of the X-axis, and the polarization of the extraordinary
beam coincides with the direction of the Y-axis.

5. First- and Second-Order Raman Spectra of LiNbO3:Y3*(0.46 wt%) Crystal

The photorefraction effect, laser-induced defects, and PILS can have a noticeable effect
on the Raman spectrum of a crystal in polarized radiation. Raman spectroscopy can be an
effective method for studying the photorefractive effect and photoinduced processes in
crystals. In addition, it should be taken into account that under the action of the electric field
of laser radiation in ferroelectric crystals, a change in the effective charge of longitudinal
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(LO) optical phonons can occur, which should manifest itself in a change in the intensities
of light scattering on longitudinal phonons [48]. The effective cross-section of scattering on
transverse (TO) phonons indeed does not depend on the value of the effective transverse
charge, and therefore it should not change with a change in the concentration of multiply
charged dopants responsible for the photorefraction effect.

Figure 5 shows the Raman spectra of the LiNbO3:Y?*(0.46 wt%) crystal excited by
laser radiation with Ag = 532 nm, causing the photorefraction effect. Figure 6 illustrates
the Raman spectra of the LiNbO3:Y3*(0.46 wt%) crystal excited by laser radiation with
A¢ = 785 nm, which does not cause the photorefraction effect. The experimentally observed
frequencies of the Raman lines of the LiNbO5:Y3*(0.46 wt%) crystal upon excitation of
the Raman spectra by the 532 nm and 785 nm laser lines and their assignment to the
fundamental vibrations of the crystal lattice are given in Table 2. In the absence of the
photorefraction effect in the Raman spectrum of the LiNbOj3 crystal in the scattering
geometries x(zz, zy)X and y(zz, zx)y, according to the selection rules, TO and LO polar
fundamental vibrations of the A;(z) and E(x,y) symmetry types appear. When using the
scattering geometry z(xx, vy, xy)z, only LO polar vibrations of the A;(z) symmetry type
appear in the Raman spectrum.

Table 2. Experimentally observed frequencies (cm™1) of Raman lines of the LiNbO3:Y3*(0.46 wt%)
single crystal and their assignment based on polarization measurements performed in Refs. [49,50]
for two values of the exciting laser radiation wavelength Ay and different scattering geometries.

Ao =532 nm Ao = 785 nm .
Attribution
x(zz,zy)Xx y(zz,zx)y z(xx,yy,xy)z x(zz,zy)Xx y(zz,zx)y z(xx,yyXxy)z
123 118 119 117 115
149 149 152 152 152 152 1E(x,y)TO
199 184 185 184 181 189
2E(x,y)TO
235 235 235 238 238 238 (2E(xy)LO)
250 250 253 253 1A4(z)TO
265 265 266 3E(x,y)TO
1A;(z)LO
271 272 272 A ITO)
321 321 327 322 322 328 4E(x,y)TO
365 365 359 367 365 361 5E(x,y)TO
6E(x,y)LO
432 432 429 433 433 431 (7E(x,y)TO)
581 578 578 580 582 578 8E(x,y)TO
632 632 624 633 631 4A,(z)TO
669
690 690 691 698
4A1(z)LO
875 875 872 876 876 871 CEGLO)

As an analytical line in the study of the photorefraction effect in LiNbOj crystals of
different compositions, it is convenient to use the 4A1(z)TO line with a frequency of about
630 cm !, corresponding to the fully symmetric vibrations of the oxygen atoms of the Og
oxygen octahedra of the crystal structure [27]. This line is allowed by the selection rules in
the scattering geometries x(zz, zy )X and y(zz, zx)y and is forbidden by the selection rules in
the z(xx, yy, Xy)Z scattering geometry. From a comparison of Figures 5c and 6c it is evident
that when the Raman spectrum of the LiNbO;:Y3*(0.46 wt%) crystal is excited by laser
radiation with a wavelength of 785 nm, which does not cause the photorefraction effect,
the 4A1(z)TO line with a frequency of about 630 cm ! is absent from the spectrum in the
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123

z(Xxx, yy, Xy)Z scattering geometry. At the same time, this line reliably appears in the Raman
spectrum in scattering geometries z(xx, yy, Xy )Z upon excitation of the spectrum by a laser
line with a wavelength of 532 nm, causing the photorefraction effect. From a comparison of
Figures 5 and 6, one can see that the frequencies of the lines in the Raman spectra of the
LiNbO3:Y3*(0.46 wt%) crystal, recorded in the same polarization scattering geometries, dif-
fer upon excitation by the lines of 532 nm (the photorefraction effect is present) and 785 nm
(the photorefraction effect is absent). In addition, in addition to the lines corresponding to
fundamental vibrations of the lattice (the first-order Raman spectrum), a number of low-
intensity lines related to the second-order spectrum are observed in the Raman spectrum
of the LiNbO3:Y3*(0.46 wt%) crystal in the frequency range of 100-900 cm~!. Thus, the
lowest frequency of the registered Raman lines (115 cm 1) observed by us is additional: it
does not correspond to either the fundamental optical vibrations of the A;(z) and E(x,y)
symmetry types or the pseudoscalar optical vibrations of the A; symmetry type prohibited
by the selection rules. The Raman line with a frequency of about 690 cm ! was previously
observed in congruent (R = [Li] /[Nb] = 0.946) and close to stoichiometric (R ~ 1) LiNbO3
crystals [31,32,51-53]. However, no unambiguous assignment of this spectral component
by the symmetry type and the nature of the atomic motion was revealed. Earlier, a line with
a frequency of 199 cm~! has been observed in the IR absorption spectrum of a congruent
lithium niobate crystal [51]. This spectrum component is close to the calculated value for
the E(x,y)LO mode [54,55]. In LiNbOj:Er and LiNbOj:Er:Ti crystals, a Raman line with

1

a frequency of 182 cm™", were recorded, which was attributed to the 2E(x,y) mode [56].

-1

The Raman line with a frequency of 669 cm™" was attributed to the second-order Raman

spectrum [57].

250 ®
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/ 581
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Figure 5. Cont.

https:/ /doi.org/10.3390/physics8020039


https://doi.org/10.3390/physics8020039

Physics 2026, 8, 39 11 of 19

250 632 (b)
6 2351

v 271

N
1

149

1

184

Intensity, arb. un.
W
-

\O]
1

690
875

0 200 400 ~, 600 800 1000
v, cm

7- 872 ©

N
1

(98]
1

Intensity, arb. un.

0 200 400 _, 600 800 1000
Vv, cm

Figure 5. Raman spectra of the LiINbO3:Y3*(0.46 wt%) crystal in scattering geometries x(zz, zy )X (a),
y(zz, zx)y (b) and z(xx, yy, Xy)Z (c). Ag = 532 nm.

In the frequency range of 1000-2100 cm !, five second-order Raman lines are ob-
served, the intensity of which is significantly lower than the intensity of the Raman lines
corresponding to the fundamental vibrations of the lattice. In this case, two lines are visible
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with frequencies of about 1790 cm~! and 1940 cm ™1, somewhat exceeding the doubled
value of the frequencies of the fundamental vibrations 4A1(z)LO and 9E(x,y)LO. That is, the
lines with frequencies of about 1790 and 1940 cm ! can be overtones of the fundamental vi-

brations 4A1(z)LO and 9E(x,y) of the oxygen atoms of the oxygen octahedra Og. Previously,

we have observed similar second-order Raman spectra in a number of LiNbO3 and LiTaO3

crystals of different compositions in the frequency range of 1000-2100 cm ! [34-38].
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61 2;3
238
37 \*272 633
- 152
54
E
53
Z 322
gz l 580
5 21 367
110 1433 601 1476 1788
' { § 876 1315 | 1635 | 1953
} ' i i
. 184 LS W N
0 500 1000 _ 1500 2000
Vv, cm
238 253 (b)
50 ONF
272 631
4 1;2 / {
d h
=
S 37
=
Z 322 587
§2' 1365 '
_117 1433 698 - 1478 1798
1 \* ' ' i 1307 1634 | 1939
181 i
O T T T T T
0 500 1000 1500 2000
Vv, cm

Figure 6. Cont.

https://doi.org/10.3390/ physics8020039


https://doi.org/10.3390/physics8020039

Physics 2026, 8, 39

13 of 19

152 (c)
6_
1 871
A 431 '
] V ”
547 328
S V
S, 238 578
2 v v
£ 1115
£ 2+
' 1 i 1301 148116291782
V l 1935
19 J189 | 361 v V i
- 266
0 ) T j T T T T 1
0 500 1000_, 1500 2000
Vv, cm

Figure 6. Raman spectra of the LiNbO3:Y3*(0.46 wt%) crystal in scattering geometries x(zz, zy )X (a),
y(zz,zx)y (b) and z(xx, yy, Xy)Z (c). Ag = 785 nm.

6. Raman and IR Absorption Spectra of LiNbO3:Y?*(0.46 wt%) Crystal in
the Region of Stretching Vibrations of OH-Groups

A basic type of defect that is formed in the LiNbOj3 crystal during growth by the
Czochralski method in an air atmosphere is defects in the form of OH-groups [58-64]. In
the ideal structure of the LiINbO3 crystal of strictly stoichiometric composition (R = 1), there
are no Nby; point defects, and the placement of hydrogen atoms is impossible [61]. The
arrangement of hydrogen atoms in the structure of real LINbOj3 crystals changes depending
on the value of the R ratio, concentration, and type of dopant [58-64]. In this case, the
configuration of the oxygen-octahedral clusters of the LiOg, NbOg, and MeOg structure
is disrupted (Me is an impurity metal or a V, vacancy). The presence of hydrogen in
the structure of the LiNbOj crystal also leads to the formation of complex defects: Vy;-
OH, Nby;-OH, Me-OH, Me-OH-Me, etc. The presence of such defects results in a change
in the nonlinear optical and ferroelectric characteristics of the crystal and affects such
practically significant properties of LINbO3 as photoluminescence, photorefractive thermal
fixation, dark conductivity, and photorefractive sensitivity [58]. It is natural to expect the
manifestation of a defect in the form of OH-groups in the vibrational spectra.

Figure 7 shows a comparison of the recorded IR absorption and Raman spectra in the
region of stretching vibrations of OH-groups.

The Raman lines with frequencies of 3431 cm ! and 3438 cm ! in the Raman spectrum
and the lines with frequencies of 3489 cm~!, 3527 cm~!, and 3536 cm ! in the IR absorp-
tion spectrum are related to the stretching vibrations of OH-groups. When entering the
crystal lattice, the yttrium cation forms complex defects Yiﬁ;-OH and Y%T-OH-YB'NT), which
correspond to the IR absorption lines of 3527 cm~! and 3536 cm~!. It should be noted that
in the region of stretching vibrations of OH-groups, the frequencies in the Raman spectrum
and in the IR absorption spectrum of the LiNbO3:Y3*(0.46 wt%) crystal differ significantly,

https://doi.org/10.3390/physics8020039


https://doi.org/10.3390/physics8020039

Physics 2026, 8, 39

14 of 19

Intensity, arb. un.

and the Raman spectrum as a whole is shifted to the low-frequency region relative to the
IR absorption spectrum by more than 50 cm~!. In addition, for the LiNbO3:Y3*(0.46 wt%)
crystal, the Raman line frequency (3431-3438 cm ') is shifted by about 40 cm ™! to the
low-frequency region relative to the frequency of the 3482 cm ™! line in the IR absorption
spectrum of the nominally pure congruent LiINbOscong crystal (R = 0.946) and by about
30 cm~! relative to the frequency of the 3466 cm~! line in the IR absorption spectrum of
the nominally pure stoichiometric LiNbOj3 crystal (R = 1) with a high degree of structural
perfection, studied in [59,60]. It is also unexpected that in the Raman spectrum in the
region of stretching vibrations of OH-groups, only one line is reliably observed. At the
same time, several lines (at least three) are observed in the IR absorption spectrum in
the region of stretching vibrations of OH-groups of non-stoichiometric (R < 1) LiNbO3
crystals of different compositions [58-62]. Moreover, the number of lines in the IR absorp-
tion spectrum depends on the composition of the crystal. However, in the IR absorption
spectrum of a LiNbOj crystal of strictly stoichiometric composition (R = 1) with a high
degree of structural perfection, only one narrow line with a frequency of 3466 cm ™! has
been observed [61]. The reasons for such a strong difference in the frequencies of the lines
corresponding to stretching vibrations of OH-groups in the IR absorption spectra and
Raman spectra currently remain unknown. One of the reasons may be the feature that the
oxygen octahedra Og of the LiNbO3:Y?*(0.46 wt%) crystal structure have a shape close to
the shape of a regular octahedron, i.e., they are centrosymmetric, and at the same time the
vibrations of the OH-groups distort the shape of the O4 octahedron negligibly little. For
centrosymmetric structures, the rule of alternative prohibition applies: vibrations active in
the IR absorption spectrum are prohibited in the Raman spectrum, and vice versa.
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o
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Figure 7. Cont.
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Figure 7. Comparison of IR absorption (dark red) and Raman spectra (blue) of the LINbO; Y3+ (0.46 wt%)
crystal in the region of stretching vibrations of OH-groups in scattering geometries: x(zz, zy)X (a),
y(zz, zx)¥ (b), z(xx, yy, Xy)Z (c). Raman spectra were recorded upon excitation by a laser line with a
wavelength of 532 nm.
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7. Conclusions

In this paper, comparative studies of Raman spectra of photorefractive LiNbO3:Y>*(0.46 wt%)
single crystal excited by visible (532 nm) and near-IR (785 nm) laser sources in a wide
frequency range (100-4000 cm~!) are performed for the first time, and their interpretation
is given taking into account the photorefractive effect (optical damage). It is found that the
speckle structure of the photoinduced light scattering indicatrix of LiNbO3:Y?*(0.46 wt%)
crystal, in contrast to the speckle structure of LiNbOj crystals of other compositions,
opens unexpectedly quickly—within the first second of laser radiation exposure to the
crystal. With the irradiation time, the speckle structure of the PILS indicatrix is also
found to exhibit atypical behavior caused by the peculiarities of the dissipation pro-
cesses of laser-induced defects in the crystal. In the frequency range of 1000-2100 cm ™!,
five second-order Raman scattering lines have been detected for the first time, and
the frequencies of two of them (about 1790 cm~! and 1940 cm~!) slightly have been
observed to exceed the doubled value of the frequencies of fundamental vibrations of
the 4A1(z)LO and 9E(x,y) symmetry types. That is, the lines with frequencies of about
1790 cm~! and 1940 cm ™! may represent overtones of the fundamental vibrations of
4A1(z)LO and 9E(x,y). It is found that in the region of stretching vibrations of OH-
groups (3200-3800 cm~!) in the Raman spectrum of the LiNbO3:Y3*(0.46 wt%) crystal,
only one line with a frequency of about 3431-3438 cm ™! is observed. At the same time,
in the IR absorption spectrum in the region of stretching vibrations of OH-groups of the
LiNbO3:Y3*+(0.46 wt%) crystal and numerous non-stoichiometric (R < 1) LiNbOj5 crystals
of different compositions studied in the literature [58-62], several lines (at least three)
are observed. In this case, for the LINbO3:Y3*(0.46 wt%) crystal, the Raman spectrum as
a whole is found to be shifted to the low-frequency region relative to the IR absorption
spectrum by more than 50 cm 1. It should be noted that in the IR absorption spectrum
of the LiNbOj crystal of strictly stoichiometric composition (R = 1) with a high degree
of structural perfection, as well as in the Raman spectrum of the LiNbO3:Y3*(0.46 wt%)
crystal, only one narrow line with a frequency of 3466 cm~! was observed [59]. The
reasons for such a strong enough difference in the frequencies of the lines correspond-
ing to the stretching vibrations of OH-groups in the IR absorption spectra and Raman
spectra currently remain unknown. It can be assumed that the oxygen octahedra Og of
the LiNbO3:Y3*(0.46 wt%) crystal structure has a shape close to the shape of a regular
octahedron, i.e., are centrosymmetric. For centrosymmetric structures, the alternative
prohibition rule applies: vibrations active in the IR absorption spectrum are prohibited
in the Raman spectrum, and vice versa.
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