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The defect structure features of nonlinear optical double-doped LiNbO3:Zn:Mg(3.91:1.01 mol.% ZnO and MgO)
and LiNbOs3:Zn:Mg(4.48:1.04 mol% ZnO and MgO) single crystals were studied by Raman spectroscopy,
IR-spectroscopy in the region of OH-group stretching vibrations, photoinduced light scattering and laser conoscopy.
The single crystals were grown by the Czochralski method from a charge of different genesis. It has been shown that
the crystals are chemically and optically uniform and have the low photorefractive effect. Analysis of the behavior of
the Raman spectrum band with a frequency of 120 cm™! has been shown that the LiNbO3:Zn:Mg(3.91:1.01 mol.%
ZnO and MgO) crystal has a more perfect cation sublattice. Bands (3498—3548 cm™!) corresponding to the
stretching vibrations of hydrogen atoms in the hydroxyl groups of the Zn3NngH and Mgergf@fOH complex
defects have been detected in the IR-spectrum of the LiNbO3:Zn:Mg(4.48:1.04 mol.%ZnO and MgO) crystal.
These lines are shifted to the long-wave region of the spectrum. This fact indicates the passage of the
concentration threshold in LiNbO3:Zn:Mg(4.48:1.04 mol% ZnO and MgO) crystal, when the zinc concentration
increases from 3.91mol% to 4.48mol%, and the magnesium concentration increases from 1.01mol% to

1.04 mol.%.
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Introduction

Miscellaneous functional materials based on ferroelectric
lithium niobate single crystal (LiNbOs, LN) are currently
much in demand. This single crystal has high acousto-
optical, electro-optical, nonlinear-optical coefficients, pho-
torefractive effect (,,optical damage®), wide transparency
window from 0.25 to 5.5um and, thus, can be used for
creating various materials (optical materials for visible,
near and mid-IR ranges, etc.) [1-9]. In accordance
with phase diagram of Nb,Os-Li;COs, lithium niobate
phase (has an oxygen-octahedral structure) is character-
ized by a wide homogeneity region [2,3,10,11]. Its
chemical formula as a variable-composition phase can
be written as LiNbO3;:Nb,Me (where Me is an impurity
metal). Physical characteristics of LiNbO; single crystal
and materials are determined by stoichiometry R (where
R = [Li]/[NDb]), specific localization of doping metal cations
in the crystal and features of the crystal defect structure.
Lithium niobate crystal is heterodesmic, it has differ-
ent types of interactions between structural units, which
are significantly different in energy: covalent interaction,
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electrostatic interaction and hydrogen bond. By varying
single crystal growth parameters, doped mixture technique,
type, concentration and combination of doping elements,
physical characteristics of LiNbOj3 crystals can be finely
adjusted.

LiNbOs3 crystal structure, besides oxygen octahedra Og
connected by edges and faces [2,12], has oxygen tetrahedra
04, which serve as compensators of deformation changes
in oxygen scaffold of the crystal [13]. Oxygen octahedra
contain Li™ and Nb>*, and doping metal cations. One third
of octahedra are always vacant, while the rest of octahedra
contain metal cations. Such structure makes it possible to
dope a crystal with a wide range of various metals. The
order of sequence of metal ions along the polar axis of a
crystal is defined by the crystal composition and specific
crystal growth techniques. As the dopant concentration in a
crystal increases, concentration thresholds occur, and when
these thresholds are passed, the space symmetry group of
the LiNbOs lattice cell remain unchanged, but there are
changes in the order of sequence of base and impurity
cations along the polar axis of the crystal and lattice cell
parameters [3].
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Employment of LiNbOj crystals for laser conversion,
modulation and generation is limited by the photorefractive
effect. The photorefractive effect is followed by wave front
distortion of the electromagnetic wave passing through a
crystal and by photoinduced light scattering (PILS) on laser-
induced defects [3,4,14]. The photorefractive effect may
be reduced by introducing optical-damage-resistant metal
cations into the crystal structure. These cations have a
constant oxidation degree (Mg?*, Zn**, In**, Sc**, Zr#f,
etc.) and don’t change their charge state when they
are exposed to light [3,4,6,15]. Such cations (ODRI —
optical-damage-resistant ions[6]) improve optical-damage-
resistance of LiNbOs crystals. Introducing small amounts
of ODRI into a crystal doesn’t lead to full suppression
of the photorefractive effect. However, compositional and
optical homogeneity of crystals is retained in this case,
which is a critical factor of a highly advanced optical
material technology. The most significant reduction of the
photorefractive effect can be achieved by introducing large
amounts of ODRI, near-threshold and higher, into a crystal
structure. However, introduction of such concentrations
of optical-damage-resistant metal cations into the crystal
structure unfortunately has a negative effect on chemical
and compositional homogeneity of doped crystals and also
induces various point and complex structural defects in the
crystal structure.

The mechanism of dopant (Me) and base element (Li,
Nb) entry into the crystal structure changes when the
concentration threshold is achieved [3,4,15]. Main con-
centration thresholds (individual) for Zn?*(5.19 mol.%) and
Mg?* (=~ 5.5mol.%) are established in [3,4,15]. Regardless
of the fact that these concentration thresholds (of Mg and
Zn) in single-doped crystals are known and their manifesta-
tion in formation of the primary and secondary (defect)
structural features of LiNbOsz:Zn and LiNbO3;:Mg struc-
tures has been also investigated, features of concentration
threshold (and magnitudes) manifestation in LINbO3:Zn:Mg
crystals are currently insufficiently investigated. This espe-
cially refers to small (nonbasic) concentration thresholds,
which insignificantly change the defect structure state of
crystals. Moreover, codoping with two optical-damage-
resistant impurities can mutually strengthen their impact on
physical properties of the LiNbOj; crystal [16]. This offers
opportunities for developing new and improving existing
techniques for growing highly advanced doped LiNbOj
crystals with target characteristics. Thus, the properties and
performance of materials can be changed in a wider range
compared with single doping by changing the concentration
of two dopants and the method for dopant introduction into
a crystal structure taking into account their individual effect
in a wide concentration range on the crystal defect structure,
photorefractive properties, and optical and compositional
homogeneity. To date, some properties of the following
double-doped LiNbOj single crystals have been obtained
and studied:

LiNbO;:Zn:Mg [17-21],
LiNbO;:Zn:Fe [22],
LiNbO;:Cr:Cu [24],
LiNbO;3:Er:Zn [26],
LiNbO3;:Nd:MgO [28],
LiNbO3:Zr:Dy [30],
LiNbO;:Yb:Er [32],
etc.

LiNbO3:Zn:In [16],
LiNbO3:Yb:Pr [23],
LiNbO3:Er:Tm [25],
LiNbO5:HfDy [27],
LiNbO;:Pr:Mg [29],
LiNbO;:In:Dy [31],
LiNbO3:Ce:Mn [33]

Authors of [21] investigated a series of double-doped
LiNbO3:Mg(3.0 mol.%):Zn(1.0, 2.0 and 3.0 mol.%) crystals
using the IRspectroscopy method. This study shows that
the number of peaks on IR spectra of the tested crystals
changes: 3482 cm~! for LINbO3;:Mg:Zn(3.0:1.0 mol.%) crys-
tal; 3482 and 3533 cm™! for LiNbO3:Mg:Zn(3.0:2.0 mol.%)
crystal; 3533 cm™~! for LiNbO3:Mg:Zn(3.0:3.0 mol.%) crys-
tal. Such behavior of lines with 3482 c¢cm-1 and 3533 cm™!
(intensity reduction of the first one and intensity increase
of the second one as the Zn concentration grows) was
associated by the authors of [21] with a decrease in
the concentration of Nby; defects in the LiNbO3;:Mg:Zn
crystal.

Laser conoscopy and photoinduced light scattering meth-
ods were used in [19] to identify that homogeneously-
doped LiNbO;3:Zn:Mg crystals (dopant is introduced in the
Nb,Os precursor) have high resistance to laser damage and
optical homogeneity. In [20] it was shown that the features
of structural ordering of the cation sublattice and the
defect structure state of LiNbO;3:Zn:Mg(3.45:1.41 mol.%)
and LiNbO;3:Zn:Mg(3.45:1.22mol.%) single crystals pro-
duced using the homogeneous doping and direct doping
techniques, respectively, are defined by magnesium, rather
than by zinc. Therefore, it is important to carry out
additional studies to investigate the features of the defect
structure of LiNbO3;:Zn:Mg crystals, which are different in
origin and contain a lower concentration of Mg cations
(= 1mol.% MgO) and a higher concentration of Zn cations
(= 4mol.% ZnO and higher). A closely adjacent and fixed
concentration of Mg cations shall make their prevailing
impact on the features of crystal defect structures less
pronounced compared with Zn cations, and introduction of
LiNbO3:Zn:Mg =~ 4mol% ZnO and more into the crystal
structure will make it possible to ,,pass™ the first individual
threshold. This approach will be used to examine both
individual influence of these dopants and the influence
of their total concentration on the features of the defect
structure of LiNbO3:Zn:Mg crystals.

Thus, the aim of this work is to identify the role of
Zn** and Mg?* and their concentrations in generation
of threshold effects in LiNbO3:Zn:Mg(3.91:1.01 mol.%) and
LiNbO3:Zn:Mg(4.48:1.04 mol.%) crystals, and the role of
a doping method in generation of the features of a
defect structure, optical homogeneity and photorefractive
properties of double-doped LiNbO3:Zn:Mg crystals using
the Raman scattering spectroscopy (RS), IR spectroscopy
in the OH stretching region, PILS and laser conoscopy.
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1. Experimental procedure

Double-doped LiNbO3:Zn:Mg crystals investigated in
this work were grown from a mixture produced using
different techniques. LiNbO3:Zn:Mg(3.91:1.01 mol.% in
crystal) single crystal was grown using the homogeneous
doping technique (hereinafter referred to as LN(1)) [19],
LiNbO;:Zn:Mg(4.48:1.04 mol.% in crystal) was grown using
the combined doping method (hereinafter referred to as
LN(2)) [26]. Crystal LN(1) was grown from a ho-
mogeneously zinc- and magnesium-doped lithium niobate
mixture synthesized from Nb,Os:Mg:Zn precursor using a
technique described in [19]. Crystal LN(2) was grown
from a mixture where impurities were introduced in two
stages [26]: stage 1 — producing the LiNbO3:Mg mixture;
stage 2 — adding ZnO before the crystal growth. Previously
studied crystals [19,20,34] were chosen as comparison
objects in this work: stoichiometric lithium niobate single
crystal LiNbOj3gpicn (R =1) grown from the melt with
excess [LipO] =58.6mol.% (hereinafter referred to as —
LN;); double-doped LiNbO3:Zn:Mg(3.45:1.41 mol.%) and
LiNbO;:Zn:Mg(3.45:1.22 mol.%) single crystals grown using
the homogeneous and combined doping technique (here-
inafter referred to as LN(1%) and LN(2’), respectively).

LN(1) and LN(2) (diameter — 35 mm, length of cylin-
drical portion — 43 mm) were grown in the [001] direction
by the Czochralski method from the melt using platinum
crucibles, dia 80mm, in air on the Kristall-2 industrial
growth unit. For crystal growth, the axial temperature
gradient was 1deg/mm, growth rate was 14rpm, speed
was 1.1 mm/hour, and growth rate was 1.6 mm/hour [19].
For thermoelastic stress relief, composition homogenization
and achievement of unidirectional state (monodomainization
process), LN(1) and LN(2) underwent a set of postgrowth
heat treatments [19]. Concentration of Mg and Zn dopants
in the crystals of interest was measured by the inductively
coupled plasma atomic emission spectrometry using the
Optima 8300 ICP-AES spectrometer and by the atomic ab-
sorption spectrometry using the ,,Kvant-FA* instrument [19].
Table 1 shows the concentration of dopants in plates cut
from the cone (C.) and face (C;) of the grown crystal
ingots, and the change in the concentration of dopants
over the ingot length (ACwme = C. — Cy) for test samples
LN(1) [19] and LN(2) and doped reference samples LN(1”)
and LN(2’) [20].

For the purpose of study, the grown crystals were reduced
to a single-domain state and then test samples were cut from
the crystal ingots in the form of rectangular parallelepipeds,
whose faces were thoroughly polished and edges coincided
in direction with the X, Y, Z crystallographic axes (Z is
the polar axis of crystal), with dimensions 8 x 6 x 10 mm
(Figure 1).

Conoscopic patterns by the laser conoscopy method and
PILS patterns of test single crystals LN(1) and LN(2) were
measured using the Nd:YAG laser (MLL-100, Changchun
New Industries Optoelectronics Tech. Co. Ltd, Changchun,
China) with laser wavelength of 532.0 nm, power of 1 mW
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Table 1. Concentration (in mol.%) of dopants (Zn, Mg) in
the cone and face of LN(1) [19], LN(2) and reference samples
LN(1”) and LN(2’) [20], and change in the concentration (ACwme)
of dopants (Me—Zn, Mg) over the ingot length

Dopant concentration, mol.%
Crystal Cone Face ACme =C. —Cy
zn] | Mg | (zn] | Mg | [zn] | [Mg]
LN(1) | 391 | 101 | 3.85 | 096 0.06 0.05
LN(2) | 448 | 1.04 | 448 | 1.04 0 0
LN(I’) | 345 | 141 | 345 | 144 0 —0.03
LN(2) | 345 | 122 | 351 | 122 | —0.06 0

Figure 1. Single crystal samples: / — LN(1), 2 — LN(2).

and 90 mW (laser conoscopy; power density of 0.04 W/cm2
and 3.54 W/cm?, respectively) and 160 mW (PILS; power
density of 6.29 W/cm?). For detailed drawings of original
systems and experimental procedure, see [35]. Laser
conoscopic patterns of LN(1) and LN(2) were obtained
using 3mm plates, PILS patterns were obtained using
parallelepipeds (Figure 1). PILS and conoscopic patterns
of LN(1) have been earlier studied in [19].

RS spectra of LN(1) and LN(2) were recorded in the
Y(ZZ)Y and Y(ZX)Y scattering geometries. RS spectra
were recorded using the T64000 spectrograph (Horiba
Jobin-Yvon, type 2018-RM, Lille, France). The Spectra-
Physics Excelsior 532-300-CDRH laser with 4 = 532.0nm
and P =5mW was used for RS spectra excitation. All
spectra were recorded with a resolution of 1.0cm™!.
Spectral line FWHM accuracy was +2cm™!.

IR spectra of test single crystals LN(1) and LN(2) were
recorded with a resolution of 0.5cm~! using the Nico-
let 6700 Fourier transform spectrometer(Thermo Fisher
Scientific Inc., Hillsboro, OR, USA, 2010) at room tem-
perature. Nonpolarized IR radiation was used. Volume
concentration of OH groups in the test crystals was
measured using Klauer’s method [36].
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Experimental data (RS and IR spectroscopy) of the test
crystals was processed and represented in LabSpec 5.5 and
Origin 8.1.

2. Results and discussions

Photoinduced light scattering is the result of photorefrac-
tive effect [37]. PILS patterns of LN(1) and LN(2) are
shown in Figure 2. For test crystals LN(1) and LN(2), PILS
indicatrix is not expanded, only circular scattering on static
structural defects is observed (Figure 2). This is indicative
of a low photorefractive effect in the test crystals. The
scattering pattern doesn’t vary with time and maintains its
round shape throughout the experiment (Figure 2). Note
that PILS patterns of LN(1) and LN(2) have a set of
differences. Thus, the first PILS pattern layer of LN(1)
corresponding to the laser beam that has passed through
the crystal has a larger diameter than the first PILS pattern
layer of LN(2), indicating a stronger laser beam energy
dissipation on defects within LN(2) (Figure 2).

Laser conoscopy method was used to control optical
quality of LN(1) and LN(2). The conoscopic patterns have
circular symmetry where the integrity of a black ,Maltese
cross® is maintained in the center of the field of vision, and
isochromes look like concentric circles with their center in
the optical axis emergence point (Figure 3). This suggests
that the samples are optically homogeneous and have good
optical quality. However, note that conoscopic patterns of
LN(1) have a set of features (Figure 3): when the radiation
power is 1 mW, signs of anomalous optical biaxiality are
observed and are partially exhibited in the form of a vertical
shift of conoscopic pattern fragments. These distortions
decrease in the conoscopic pattern of LN(1) recorded at
a higher laser power (Figure 3). This may be associated
with ,healing“ of defects as the laser power increases.
Additionally, as the laser power increases, anomalies in the
form of pairwise joining of isochromes occur on the lower
right arm of the ,,Maltese cross“ in the conoscopic pattern of
LN(1) (Figure 3). Note that there is small smearing of the

V4
— >

6 min

Is 1 min
Figure 2. PILS patterns of crystals LN(1) — 7 [19] and LN(2) —
2. 2 =1532nm, P = 160 mW.

1 mW

90 mW

Figure 3. Conoscopic patterns of crystals LN(1) — 7 [19] and
LN(2) — 2. 2 =532nm, P = 1 and 90 mW.

conoscopic pattern of LN(2) with a laser power of 90 mW,
which may be caused by increasing photorefractive effect at
this laser power density (Figure 3).

Anomalies found in the conoscopic patterns are indicative
of a structural inhomogeneity in crystals resulting from
nonuniform dopant distribution within the crystal, especially
with significant concentrations of doping cations. Crystals
LN(1) and LN(2) differ in high degree of chemical
homogeneity (Table 1). Thus, the distortions found on the
conoscopic patterns of LN(1) and LN(2) (Figure 3) and
decrease in size of the first PILS pattern layer of LN(2)
(Figure 2) are probably caused by rearrangement of their
secondary structure due to the change in the mechanism of
Zn and Mg introduction into the crystal structure near the
concentration threshold. Concentration of Zn cations in the
structure of LN(1) and LN(2) is close to or higher than
(391 mol.% and 448 mol.% (Table 1)) the concentration
corresponding to the first individual concentration threshold
(3.95mol.% ZnO in crystal [15]). For more details of the
features of structural ordering of the cation sublattice and
defect structure state of crystals LN(1) and LN(2), use RS
and IR spectroscopy.

Figure 4 shows RS spectra (Y(ZX)Y and Y(ZZ)Y)
of single crystal LN, and crystals LN(1) and LN(2).
According to the selection rules, only E(TO) and A;(TO)
symmetry fundamental oscillations in the X — Y plane and
along the Z axis, respectively, shall be displayed in the
specified scattering geometries [3,38]. Frequencies and
FWHM of the primary spectral lines are shown in Tables 2
and 3. When processing the spectra, additional lines, the
origin of which is not discussed in this work, were added
to achieve maximum overlapping of the theoretical and
experimental envelopes.

Technical Physics, 2026, Vol. 71, No. 2
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Figure 4. RS spectra of nominally pure single crystal LN, —
in the following scattering geometries: Y(ZX)Y

Table 2. Frequencies and FWHM (v and S, cm~") of RS spectral
lines of nominally pure single crystal LN, and single crystals
LN(1) and LN(2) in the Y(ZX)Y (E(TO)) scattering geometry

(1) [20] and single c1ystals LN(2) —
(E(TO)) — a; Y(ZZ)Y

252 b

Y(ZZ)Y

273 632 A((TO)

330

50 150 250 350 450 550 650 750 850

(2) and LN(1) — (3) at T = 293K

(A(TO)) —

Table 3. Frequencies and FWHM (v and S, cm ") of RS spectral
lines of nominally pure single crystal LN, and single crystals
LN(1) and LN(2) in the Y(ZZ)Y (A;(TO)) scattering geometry

at T =293K at 7 =293K
LN, LN(1) LN(2) LN, LN(1) LN(2)
v, cm ™! S, cm ™! v, cm ™! S, cm ™! v, em™! S, cm ™! v, cm ™! S, cm ™! v, cm ™! S, cm ™! v, cm ™! S, cm ™!
153 7 152 11 153 12 254 15 252 22 252 22
— - 190 9 191 9 277 11 273 17 273 18
239 7 237 10 237 11 334 9 330 14 330 15
264 8 263 13 263 14 634 20 632 29 632 30
322 10 323 15 323 16
370 17 368 32 368 33
433 10 435 16 435 17 spectral line intensity can be neglected because laser light
used for the experiments had low power (5SmW). Note that
581 17 578 29 578 29 the photorefractive effect in LN(1) and LN(2) is suppressed
_ _ 605 35 604 33 (in accordance with the PILS data (Figure 2)). Thus, only
21 100 the structure disordering effects contribute to the increase
_ _ _ _ in spectral line intensity observed in transition from the
- - 633 99 632 98 spectrum of LN to the spectra of doped crystals (Figure 4).

RS spectra of the test crystals are similar to each
other (Figure 4) and correspond to the RS spectra of
the lithium niobate crystal [5]. It is known that structure
disordering effects contribute to the increase in FWHM of
spectral lines, and, besides the structure disordering effects,
the photorefractive effect additionally contributes to the
increase in line intensity, which is proportional to squared
derivative of polarizability of interatomic bonds participating
in oscillation [3]. When analyzing RS spectra of LN(1)
and LN(2), contribution of the photorefractive effect to the
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Intensity of most spectral lines in the given Y(ZX)Y and
Y(ZZ)Y scattering geometries of LN(1) is ~ 1.2 times
higher than that of spectral lines of LN(2).

An important evaluation criterion of the degree of struc-
tural disordering of the cation sublattice of doped LiNbO3
crystals compared with LN; is FWHM of spectral lines
corresponding to A;(TO) oscillations of lithium, niobium
and impurity cations along the polar axis of the crystal.
Tables 2 and 3 show that FWHM of most spectral lines
of LN(2) is larger than that for LN(1) by ~ lem™!,
which is included in the measurement error range of this
spectral parameter (+2cm~!). Thus, RS spectroscopy in
the involved Y(ZX)Y and Y(ZZ)Y scattering geometries
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Figure 5. Concentration dependences of FWHM (S, cm™') of some spectral lines in RS spectra Y(ZX)Y — (a); Y(ZZ)Y — (b):
of nominally pure crystal LN,; single crystals LN(2’) and LN(1’) according to [20,34]; single crystals LN(1) and LN(2) (Table 2, 3).
Crystals grown using the combined doping technique — solid symbols (except for LN;); crystals grown using the homogeneous doping

technique — empty symbols.

was not able to detect any signs of threshold effects in
LN(1) and LN(2).

Figure 5 shows the concentration dependences of FWHM
of some spectral lines of nominally pure crystal LN, and sin-
gle crystals LN(1) and LN(2) detected in the Y(ZX)Y and
Y(ZZ)Y scattering geometries. Figure 5 shows equivalent
concentration dependences of single crystals LN(2’) and
LN(1°) [20,34]. Figure 5 shows that there are no substantial
changes in the spectral line FWHM behavior. General non-
monotonic increase in FWHM of most spectral lines in
the series of crystals LN(2”) — LN(1’) — LN(1) — LN(2),
which is caused by an increase in structure disordering due
to an increase in the total concentration (in mol.%) of doping
cations in these crystals: 4.67 — 4.86 — 4.92 — 5.52.

Intensity variation of lines with a frequency of 120 cm™!
corresponding to two-particle states of acoustic phonons
with the total wave vector equal to zero can be used
to study the signs of structural disordering effects of the
cation sublattice in lithium niobate crystals with different
compositions. A line with 120 cm~! is found in the Y(ZZ)Y
scattering geometry. However, it is absent in the RS
spectrum of LN (R = 1) [3]. Figure 6 shows fragments of
RS spectra of nominally pure crystal LN, test single crystals
LN(1) and LN(2) and reference single crystals LN(1’) and
LN(2) [34].

Stoichiometric lithium niobate crystal has the lowest
resonance interaction between two-particle states of A;(TO)
type acoustic phonons with the total wave vector equal to
zero and the most low-frequency fundamental A;(TO) type
phonons — 254 cm-1 and 274cm~! [3]. Thus, crystal LN
has no line at 120 cm—! (Figure 6). For LiNbO3,0y, crystal,
the line with 120 cm~! is split into two lines (105 cm-1
and 118 cm~!) [3,39]. This is indicative of more ordered

cation sublattice of LiNbO3.,, [3]. It is important to note
that the line with 120 cm™! for some LiNbOs3:Zn crystals is
also split, but into lines with other frequencies (115cm™!
and 128 cm~1) [39].

In LiNbO;:Zn:Mg crystals, the line with 120ecm~! is
either split into two lines (104 cm-1 and 116 (117)cm™!)
or its frequency decreases (110cm~!) (Figure 6). From
LN(1’) to LN(1) the intensity of the line with 104 cm™!
increases and the intensity of the line with 116 (117) cm™!
decreases (Figure 6). Thus, splitting of the line with
120cm ™! typical of crystal LiNbOs..,, [39] in the series
of crystals studied in this work is only observed in samples
grown using the homogeneous doping technique. This may
suggest a higher degree of structural perfection of the cation
sublattice of LN(1’) and LN(1). However, from LN(2) to
LN(2’) the intensity of the line with 110cm™! increases
in the given spectral region (Figure 6). Thus, in terms
of RS spectroscopy, the homogeneous doping technique is
preferable for doping lithium niobate crystals with two metal
»optical-damage-resistant impurities.

As mentioned above, the RS spectroscopy was not
able to detect a clear manifestation of threshold effects in
LN(1) and LN(2) caused by a near-threshold or higher
concentration for single doping with Zn cations. However,
manifestation of threshold effects in the test crystals was
detected using the IR spectroscopy in the OH™ stretching
region. Figure 7, a shows IR spectra of single crystals LN(1)
and LN(2). The spectrum of LN; has 3465, 3468, 3479
and 3488 cm™! bands [20]. FWHM of these bands in the
IR spectrum of LN; [20] is considerably lower than in the
spectra of LN(1) and LN(2), which is indicative of larger
disordering of hydrogen atom localization in the doped
crystal structure (Table 4, Figure 7,a). Bands in the fre-
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Figure 6. RS spectra fragment of nominally pure crystal LN, —
1, single crystals LN(2”) — 2 and LN(1’) — 3 (according to [34]),
and single crystals LN(1) — 4 and LN(2) — 5 in the Y(ZZ)Y
scattering geometry.

quency range of 3460 — 3489 cm~! are associated with the
presence of complex defects in the crystal structure [40,41].
According to the Li vacancy compensation model, the
LiNbO3..,e lattice has ~ 1 mol% Nbii+ and ~ 4mol.%
V[ [40,42]. Moreover, Zn** and Mg?* contribute to
distortion of the oxygen-octahedral MeOg clusters of the
LiNbO3:Zn:Mg crystal structure because their ion radii
(0.74 and 0.72A [43]) differ from those of Nb’* and
Li* (0.64 and 0.76 A [43]). It is important to note that
electrooptical properties of LiNbO3 crystals are determined
by deformation and polarizability of MeOg clusters (Me —
Li, Nb, impurity cation) [44,45].

The shape and position of bands on the IR spectra
directly depend on stoichiometry R and concentration of
doping impurities in the crystal. IR spectrum of LN(2)
has a frequency shift to the long-wavelength spectrum
region (3498, 3505, 3512, 3528, 3535 and 3548 cm™!)
(Figure 7,a). Changes in the IR spectrum are observed
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Table 4. Intensities and FWHM of lines (v and S, em™ L T, a u)
corresponding to OH™ stretching in IR spectra and concentration
of OH™ groups (C(OH™), -10"7 cm™—?) of single crystals LN(1)
and LN(2)

Crystals | v,em™! | T, a.u. | S, em™' | C(OH™), cm ™3
3470 6.29 16.72

LN(1) | 3482 | 1115 | 1353 2.14 - 10"
3491 6.93 12.834
3500 1.44 11.24
3498 041 8.90
3505 0.95 9.27

LN(2) | 3512 | 420 | 1276 2.33-10"
3528 9.00 13.21
3535 1326 | 11.08
3548 0.29 691

in the frequency range of 3490 — 3550 cm~!, which re-
flects the change in the process of dopant entry into
the crystal structure (Figure 7,a). Such frequency shift
to the long-wavelength region is caused by formation of
complex defects [41,46]. As shown in [3,15], Zn?* cations
occupy niobium octahedra and form Znyp, point defects
usually when the main threshold is exceeded (5.19 mol.%
in crystal). In the IR spectra of LiNbO;:Zn crystals
(Czn > 6.76 mol.% in melt [15]), lines with ~ 3500, 3520
and 3527cm~! are detected [47]. These lines probably
occur because LiNbO3:Zn crystals have Zng OH complex
defects. With this in mind, it can be assumed that three
lines with 3505, 3512 and 3528 cm™! (Table 4, Figure 7, b)
indicate that point defects are formed in the structure of
LN(2) Znj.

In [48], it was shown that the IR spectrum of
LiNbO3:Mg(5.29 mol.%) crystal has two lines with ~ 3526
and 3535cm~!. These two lines in the IR spectrum of
LiNbO3:Mg(5.29 mol.%) crystal are attributed to formation
of Mglergf\IgfoH complex defect in the crystal struc-
ture [48]. Thus, the line with 3535cm™! detected in the
IR spectrum of LN(2) (Table 4, Figure 7,b) can be caused
by the presence of the above-mentioned complex defect in
the structure of this crystal. Note also that the line with
3528 cm~! (Table 4) of LN(2) can be caused by formation
of Znd,~OH complex defect (~ 3527cm~! [47]) in the
crystal structure as well as of Mglergf\,gfoH complex
defect(~ 3526 cm~! [48]). With this in mind, it can be
assumed that the line with 3528cm~! (Table 4) in the
IR spectrum of LN(2) corresponds to a complex defect
containing both Zn and Mg (for example, Mg]ergf\,gfoH,
Zn/-Mg},, ~OH, Mg/ ~Zn3;,~OH or Zn;;Zny, ~OH).
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Figure 7. IR spectra (a) in the OH™ stretching region of LN(1) — 7 and LN(2) — 2, and decomposition of the IR spectrum of LN(2)

into components (b).
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Figure 8. Concentration of OH™ groups (C(OH™), 10'7 cm™?)
in single crystals LN, [20] and LN(1) and LN(2).

Note that the IR spectrum of LN(2) has no bands
in the frequency range of 3460—3489cm~! that are re-
sponsible for the change in stoichiometry in the crystal
(Figure 7,a). But these bands are present in the IR
spectra of LiNbOs3:Zn crystals [47] grown from melts with
zinc concentration higher than the concentration threshold
(~6.76mol.% [15]). According to the results of X-ray
diffraction analysis [15], Nby; defects are detected in these
crystals. LN(2) likely has no Nby; point structural defects.
This assumption is in good agreement with data from [21]
concerning a decrease in the concentration of Nby; defects
in the crystal LINbO3:Mg:Zn(3.0:3.0 mol.%).

It can be seen from the calculation of the volume concen-
tration of OH™~ groups using Klauer’s method [36] that their
concentration grows gradually as the total concentration

of doping impurities increases (Figure 8, Table 4). The
smallest number of OH™ groups is specific to single crystal
LN, [20] where the number of Nbji point defects is
minimum, and the largest number is specific to LN(2).
Consequently, LN, has the minimum number of negatively
charged point defects (Vi;) forming the Vi ;—~OH complex
defect.

Structural homogeneity and ion composition (ion com-
plexes and clusters) of the melt are quite complex, even
when nominally pure LINbO3,,, is grown [49,50]. Accord-
ing to [51], lithium niobate crystals are grown by means
of sequential addition of ion complexes of the melt in the
Jmelt-crystal“ boundary layer. Concentration of Zn** in
the test crystals is approximately four times higher than the
concentration of Mg?*. Therefore, Zn>*, as cations having
a higher concentration, in LN(2) define the localization
of Mg?* in oxygen octahedra O¢ of the LN(2) lattice.
Zinc-defined localization of Mg?* in LN(2) lattice forms
the defect structure of the LN(2) cation sublattice and
features of distortion of oxygen-octahedral MeOs clusters.
This is confirmed by the presence of bands with 3528
and 3535cm~! in the IR spectrum of LN(2) (Figure 7,b).
Contribution to the first band is associated with Mg
cations (3526 cm~! [48]) and Zn cations (3527 cm~! [47]),
contribution to the second band is associated only with Mg
cations (3535cm™! [48]). Note that the band envelope
in the IR spectrum of LiNbO3;:Mg(5.29 mol.%) crystal is
distinctly split into two bands (3526 and 3535cm™!) [48],
while the envelope of the main band of LN(2) containing
components with 3528 and 3535cm~! (Figure 7) is solid.
The absence of an ,arm“ on this band (3535cm~!,
Figure 7,b) of LN(2) may be attributed to the additional
contribution of complex defects containing Zn>*.

It can be concluded that proximity of ion radii
(r(Zn) = 0.74 A and r(Mg) = 0.72 A [43]) of dopants and
considerable (5.52mol.%) total concentration of Zn and
Mg in LN(2) preclude from exhaustively speaking about
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individual concentration thresholds in the case of double
doping technique. It would more correctly to conclude that
there is a ,,common®“ concentration threshold (= 5.5 mol.%
ZnO and MgO). Actually, lines caused by an\lngH and
Mglergf\IgfoH complex defects were detected in the IR
spectrum of LN(2). In the case of single doping, the
above-mentioned defects are displayed at higher concen-
trations in a crystal. Zn(4.68 and 6.5mol% [47]) and
Mg(5.29 mol.% [48]).

Conclusion

The Czochralski method was used to grow double-doped
LiNbO;:Zn:Mg  (3.91:1.01 mol.%) and LiNbOs:Zn:Mg
(4.48:1.04 mol.%) single crystals from a mixture of different
origin, and comprehensive study of structural perfection
and photorefractive properties of the crystals were carried
out in comparison with nominally pure stoichiometric
single crystal LN, and LiNbO3:Zn:Mg(3.45:1.41 mol.%) and
LiNbO3:Zn:Mg(3.45:1.22 mol.%) single crystals. It is shown
that LiNbO;:Zn:Mg(3.91:1.01 mol%) and LiNbOs:Zn:Mg
(4.48:1.04 mol.%) crystals are optically homogeneous, have
high degree of chemical homogeneity and low photorefrac-
tive effect.

In the series of LiNbO3:Zn:Mg(3.45:1.22 mol.%) —

LiNbO3:Zn:Mg(3.45:1.41 mol.%) —

LiNbO3:Zn:Mg(3.91:1.01 mol.%) —

LiNbO3:Zn:Mg(4.48:1.04 mol.%)
crystals, as the total concentration of Zn and Mg (in
mol.%: 4.67 — 4.86 — 4.92 — 5.52) grows, there is the
increase in crystal defects manifested in the increase in
FWHM of most lines in the RS spectra. By the change
in frequency and intensity of the line with 120 cm~! and by
splitting into two components with 104 and 116 (117) cm™!,
it was found that LiNbOs3:Zn:Mg(3.45:1.41 mol.%) and
LiNbO;:Zn:Mg(3.91:1.01 mol.%) crystals have a more per-
fect cation sublattice compared with crystals grown using
the combined doping technique.

Analysis of the IR spectra of LiNbO3:Zn:Mg
(391:1.01 mol.%) and LiNbOs:Zn:Mg (4.48:1.04 mol.%)
crystals detected the display of threshold effects. These
effects are induced by the total concentration of
doping Zn and Mg cations (= 5.5mol%) in the
LiNbO;:Zn:Mg(4.48:1.04 mol.%) crystal and are displayed
as a shift of bands to the long-wavelength region of
the IR spectrum (3498, 3505, 3512, 3528, 3535 and
3548 cm~!, respectively). Analysis of IR spectra of the
LiNbO;:Zn:Mg(4.48:1.04 mol.%) crystal and single-doped
crystals has shown that Zn?*-defined localization of Mg?*
in the double-doped crystal lattice determines the crystal’s
defect structure. The obtained data suggests that in the case
of double doping with Zn>* and Mg?*, it is more correctly
to imply ,,common“ concentration threshold, which is
defined by the main concentration threshold of magnesium.
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