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ABSTRACT: Congruent lithium niobate single crystals with a Ru:Mg co-dopant
have been successfully grown using the Czochralski technique from the melt
containing 0.02 mol % Ru with Mg of two varied concentrations (4.0 and 6.0 mol
%). The effects of Ru and Mg co-doping on the crystalline quality were
determined by high-resolution X-ray diffractometry, which confirmed that the
crystalline quality is good and that the dopants are statistically distributed in the
crystal. The Raman scattering analysis shows no change in the lattice vibration
except a slight change in the peak width and intensity due to more asymmetry in
the molecular charge, which leads to enhancement of the polarizability. The
optical transmission spectra indicate that both the crystals have high optical
transparency in the visible region, with a shift of the absorption edge toward
shorter wavelengths, as compared to un-doped LN. The weak absorption band
observed below 400 nm is attributed to Ru ions. The influence of co-doping in the
electronic band gap energies is calculated by the Tauc relation. The refractive
index is measured by using a prism coupler at two wavelengths (532 and 1064 nm). The calculated absorption coefficients and direct
and indirect band gap energies for both the samples are found to be nearly the same within experimental error. A decrease in the
birefringence is observed for the Ru:Mg(6 mol %) doped sample. The observed slight reduction in refractive indices with Ru:Mg co-
doping is consistent with a rise in band gap energy, which is related to the change in absorption edge to the lower wavelength. The
second harmonic generation (SHG) efficiency is measured by the Kurtz and Perry powder method, and a decrease in SHG efficiency
for Ru:Mg(6 mol %) is observed.

■ INTRODUCTION

The lithium niobate (LiNbO3, LN) single crystal, also called
the “silicon of photonics”,1 is the most important optical
material that has been used in a wide range of applications in
photonics like optical modulators, optical waveguides, optical
frequency conversion, optical parametric oscillators (OPOs),
holographic data storage, and wavelength and surface acoustic
wave (SAW) filters. This versatility is due to a remarkable
combination of excellent nonlinear optical (NLO), electro-
optical (EO), photorefractive, ferroelectric, and wave guiding
properties.2−4 Since the first growth of LN reported in 1965,5

LN has continued to be studied extensively with investigations
on new dopants and modifications in growth conditions,6

resulting in its widespread use in different applications.7,8

Physical properties of LN are highly dependent on the [Li]/
[Nb] ratio. LN can be grown in near-stoichiometric (off-
congruent) and nonstoichiometric (congruent) forms depend-
ing upon the [Li]/[Nb] cation ratio.9,10 Congruent LN (Li/
Nb ∼0.946, CLN) crystals are more widely used for
applications due to their compositional stability during growth.

It is well known that CLN presents a large concentration of
intrinsic defects and disorder in the crystallographic frame such
as an excess of Nb antisite defects (NbLi

5+) and Li cation
vacancies (VLi

−1).11 The presence of such defects restricts many
of the optical applications. Physical properties and device
performance of LN can be optimized by doping with suitable
ions in the crystallographic lattice within a threshold limit
concentration. The selection of the type and amount of dopant
are also very important because they offer a wide range of
variations in responses. Different types of dopants have been
used for various applications of the LN crystals such as Mg, Zn,
In, and Zr for suppressing the optical damage and metal ions
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like Fe, Mn, Cu, Ce, and Ru to improve photorefractive
properties.12−14

One of the key issues in LN is the observance of optical
damage (beam distortion) upon exposure to intense visible
laser radiation, which occurs as a result of the creation of
refractive index changes in LN that limit its practical
applications in nonlinear optics and electro-optics, and several
research efforts have been focused on this.
Zhong et al.15 observed that LN with a 4.6 or higher mol% of

Mg added to the melt can lead to strongly enhanced optical
damage resistance, to about 100 times as large as that of the
undoped crystals, which was later confirmed by Bryan et al.16

From then on, Mg-doped crystals have been extensively
studied, applied, and reported in the literature like
growth,17−19 phase equilibrium,18 defect structures, which are
widely studied in accordance with the Li site vacancy
model,20,21 characterization, and properties.22−26 Hence, for a
long time now, Mg:LN is being used in optical parametric
oscillation, terahertz generation, and optical waveguides.
Ruthenium (Ru), a transition metal, close to iron (Fe) in the

periodic table, exists in different valence states in the grown
crystal. In the three valence states of Ru3+, Ru4+, Ru5+,27 Ru
ions have different energy levels in the crystals. Due to the
closeness of Ru with Fe, it is assumed that the doping effect of
Ru in nonlinear crystals would be similar. The Ru-ion doping
in NLO crystals has been studied, such as in Ru:LiNbO3,

28

Ru:Bi12SiO20,
27 Ru:Bi4Ge3O12,

29 Ru:Sr0.61Ba0.39Nb2O6,
30 and

Ru:Bi12TiO20.
31 Like Fe, Ru-ion doping in LN may be

supportive to improve the photorefractive characteristics. It is
important to note that keeping the homogeneity of Ru content
in the LN crystal is a challenge because the effective
segregation coefficient of Ru is greater than 1 and evaporation
of Ru takes place during growth.32 It was found that Ru
content in LN slowly decreases along the pulling direction, and
extra care has to be taken for the growth of the doped single
crystals.
In the present investigation, the above consideration is kept

in mind, and single crystals of undoped congruent LN and
Ru:Mg co-doped congruent LN, i.e., Ru(0.02 mol %):Mg(4.0
mol %)_CLN and Ru(0.02 mol %):Mg(6.0 mol %)_CLN
(hereafter termed as CLN, R:M4LN, R:M6LN, respectively),
have been grown by using the Czochralski (Cz) method.
Crystalline perfection was studied by high-resolution X-ray
diffraction. The effects of structural disorder on the vibrational
modes of doped crystals were analyzed by Raman spectra. The
optical transmission spectra in the UV−vis and the near-IR
regions were measured to study the effect of dopants on optical
absorption, defect structures, and the band gap of the crystal.
The refractive indices were measured at two wavelengths (532
and 1064 nm) to evaluate the effect of Ru:Mg doping on the
birefringence of LN single crystals. The SHG properties were
measured by the Kurtz and Perry powder method.

■ EXPERIMENTAL SECTION
Crystal Growth. LN powders were synthesized from high-

purity (99.999%) raw materials Li2CO3 and Nb2O5 weighed
according to the congruent ratio (Li/Nb = 48.46:51.54). For
Ru:Mg co-doped crystals, a fixed concentration of RuO2 ( 0.02
mol %) and different concentrations of MgO, i.e., 4.0 and 6.0
mol %, were used. The raw materials were mixed thoroughly
by the ball milling process in a Turbula 3D shaker mixer in
ethyl alcohol and dried. The synthesis was carried out by solid-
state reaction at 1174 K for 24 h.33 The mixed precursors were

heated from room temperature to the reaction temperature at a
slow rate of 80 K/h with an intermediate dwelling at 900 K for
5 h to allow slow and nonviolent decomposition of lithium
carbonate. Then, the RuO2 (99.99%) powders were added to
the calcined mixtures. Prior to synthesis, the mixtures were
mixed once again and transferred to a platinum crucible (50
mm height and 50 mm diameter). Single crystals of R:M4LN
and R:M6LN were grown by using a Cyberstar Czochralski
crystal puller attached with a Huttinger Induction Heating
system (8 kHz, 50 kW). The growth temperature and post-
cooling rate were controlled by using a Eurotherm (902) PID
temperature controller. A good quality Z cut seed crystal was
used. The rotation and pulling rates were ∼5−25 r min−1 and 5
mm h−1, respectively. After the growth, the cooling rate was
maintained at 20 K h−1 across phase transition temperature
(1423 K) and then the cooling rate was increased to room
temperature. The grown crystals were yellow-red-colored, with
a size of 30 mm in length, 25 mm in diameter, and crack-free
(Figure 1). The grown crystals were cut into wafers, well-
polished, and subjected to various characterization techniques.

High-Resolution X-ray Diffractometry. The crystalline
perfection of the as-grown Ru:Mg co-doped LN crystals was
assessed by high-resolution diffraction curves recorded by
using a multicrystal X-ray diffractometer (MCD) developed at
NPL, Delhi.34 The details of the HRXRD measurement are
given elsewhere.35,36

Raman Spectroscopy. Raman spectra were recorded on a
[001] single-crystal wafer using a HORIBA-T64000 Triple
Raman spectrometer equipped with a 514.5 nm Ar+-ion laser
(Spectra-Physics) as an excitation source, having a beam power
of 80 mW. The spectra were measured at room temperature in
the wavenumber range of 100−1000 cm−1.

UV−vis−NIR Spectroscopy. The optical absorption and
transmission spectra were examined by using a Jasco V-263
spectrophotometer in the UV−vis−NIR region. The measure-
ments were carried out at room temperature with unpolarized
light at normal incidence. 1 mm-thick finely polished crystal
samples were used.

Conoscopy Study. The homogeneity of Ru:Mg co-doped
crystals was examined under crossed polarization conditions by

Figure 1. Photograph of the Czochralski-grown (a) R:M4LN and (b)
R:M6LN crystals.
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a Conoscopy study with an OLYMPUS BX-60 polarized light
optical microscope. The [001] oriented optically polished
crystal samples were used for the measurement.
Refractive Index Measurement. A Prism coupler (model

2010/M; Metricon Corporation, UK) was used to measure the
refractive index for the present samples. A z-cut polished plate
of thickness 1 mm was used for this measurement. The details
of the refractive index measurement are given elsewhere.37

SHG Measurement. The SHG behaviors of the grown
crystals were examined by the Kurtz and Perry powder
technique38 using potassium dihydrogen phosphate (KDP) as
standard reference. The crystals were powdered to a particle
size of ∼125−150 μm, and the resultant homogeneous powder
was densely filled in a microcapillary tube of uniform bore and
exposed to laser radiation. A Nd:YAG laser (λ = 1064 nm,
input beam energy of 4.7 mJ/pulse, repetition rate of 10 Hz,
and pulse width of 8 ns) was used as a source. The SHG signal
generated from the randomly oriented microcrystal was
collected by a lens and detected by a photomultiplier tube.

■ RESULTS AND DISCUSSION
High-Resolution XRD Analysis. To study the effect of

Ru:Mg co-doping on the crystalline perfection of as-grown
undoped and doped single crystals, the high-resolution X-ray
diffraction (HRXRD) curves (DCs) were recorded under
identical measurement conditions (same X-ray power, beam
height, and beam width) for the (006) diffraction planes of the
undoped and doped LN crystals using Mo Kα1 radiation in
symmetrical Bragg geometry. The DCs for the CLN, R:M4LN,
and R:M6LN single crystals are shown in Figure 2a−c,
respectively. The DC of the undoped LN single crystals
(Figure 2a) shows a single peak with nearly perfect symmetry
with respect to its center. The absence of an additional satellite
peak with symmetry indicates that the crystalline perfection is
nearly perfect and is free from cracks, twins, and internal
structural grain boundaries though the probability of formation
of cracks and boundaries in LN is common due to the
structural phase transition with a volume change during the
cooling cycle of LN crystal growth.39,40 The symmetric (with
respect to the diffraction peak position taken as zero), sharp
DC for the CLN (Figure 2a) having a full width at half-
maximum (FWHM) of 29 arc sec is as expected for a perfect
crystal, which is however more than the theoretically calculated
value for an ideally perfect crystal from the plane wave theory
of dynamical X-ray diffraction,41 i.e., 2.6 arc sec,42 but is
comparable with the experimentally reported value of 21 arc
sec for CLN43 and is also very common in real-life crystals.36

The comparatively higher value of FWHM for pure LN
specifies the existence of some point defects and their
aggregates, which are unavoidable and inevitably arise during
the crystal growth.
There are some interesting features in the diffraction curves

of doped crystals. As evident from the curve in Figure 2b, the
DC for R:M4LN has a single peak having an FWHM of 67 arc
sec with asymmetry with respect to the peak position of the
curve. The FWHM of this DC is considerably larger than the
value of pristine LN. The asymmetry and the broadening of the
DC reveal that the Ru:Mg co-doping leads to enhancement of
point defects in the LN crystal lattice. The diffraction intensity
at a higher glancing angle (θ) with respect to the peak position,
i.e., in the positive side, is more than that in the negative side.
This feature indicates that the crystal structure contains a
predominantly interstitial type of point defect and shows the

capability of the lattice to accommodate the Ru:Mg dopants.44

According to the Bragg equation (nλ = 2d sin θB, where d is the
interplanar distance, n is the order of reflection, λ is the
wavelength of the X-ray used, and θB is the Bragg angle), θB
and d are inversely proportional. The inset in the DC shows
how the lattice undergoes a change around the point defect
core. The interplanar spacing, d, around the very defect core
and hence the lattice around the defect core has undergone
compressive stress44 leading to more scattering at the slightly
higher (positive side) Bragg angles.
Figure 2c shows the DC for the R:M6LN crystal with much

more broadening. On careful observation, the curve is not
depicting a single peak. On deconvolution of the diffraction
curves, it is clear that the DC contains two peaks instead of a
single peak. The solid curve, which is well fitted with the
experimental points (filled circles), is the convoluted curve of
the two peaks. The additional peak depicts an internal
structural with a very low angle (tilt angle ≤1 arc min) grain
boundary39 whose tilt angle (α = misorientation angle between
the two crystalline regions on both sides of the structural grain
boundary as shown in the inset) is 42 arc sec from the main
crystalline block. The FWHM (full width at half-maximum) of
the main peak and the very low angle boundaries are,
respectively, 55 and 53 arc sec, which are higher as expected
for the doped crystals. At higher concentration of dopants, the
crystal has undergone some internal stress and finally leads to

Figure 2. DCs for LN single crystals using the (006) diffracting planes
with Mo Kα1 radiation and recorded under identical conditions. The
curves in panels (a), (b), and (c), respectively, belong to CLN,
R:M4LN, and R:M6LN.
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the formation of a very low angle boundary. However, the
FWHMs of the DCs of the two crystalline regions are not high
signifying that the crystalline perfection of the two crystalline
regions on both sides of the low angle boundary is reasonably
good. It is worth mentioning here that such very low angle
boundaries could be detected because of the high resolution of
the in-house developed multicrystal X-ray diffractometer used
in the present study.34

The above analysis indicates that in comparison to the
undoped LN, the Ru and Mg ions are more or less uniformly
accommodated in the crystal lattice. If the dopants are
randomly accommodated as macroscopic clusters, then the
strain generated due to such clusters will lead to structural
subgrain boundaries with tilt angles in arc minutes or even in
arc degrees and finally lead to cracks in the case of doped
crystals at high concentrations.6 Here, such macroscopic
defects are absent in the grown undoped as well as doped
crystals. The good amount of scattered intensity along the tails
on both sides of the DC of doped crystals also confirms the
fact that in addition to the interstitial occupation of some
dopants in the lattice, Ru and Mg ions occupied the
substitutional sites of Li+ and Nb5+ leaving some Li vacancies.
The integrated intensity, i.e., the total area under the curve

(ρ) of the DC, is another interesting parameter to assess the
degree of crystalline perfection.35 No real crystal could be
either ideally perfect or ideally mosaic. The measured ratio
between the integrated intensity of undoped LN, R:M4LN,
and R:M6LN is 1:1.6:2.1, which indicates that in the doped
crystals the dopants are statistically distributed in the crystal
lattice and are not agglomerated into mosaic blocks.
Raman Analysis. Raman scattering also gives important

information about the structural perfection of the crystals, i.e.,
deformation of the lattice and the presence of point defects in
the crystal structure.45 Different peaks in the Raman spectra
correspond to different vibrational modes. Figure 3 shows the

recorded Raman spectra of R:M4LN and R:M6LN obtained
from the wafer taken from the middle of the grown crystals.
The measurements are recorded in the Z(YX)Z configuration.
The E(TO1) mode at a wavenumber of 154 cm−1 is attributed
to Nb−O vibrations. The peak at 365 cm−1 is the E(TO6)
mode, which corresponds to Li−O vibration. The peak at 580
cm−1 is the E(TO8) mode, attributed to the stretching
vibration of the oxygen octahedron.46,47 There is no variation
in the wavenumber of the Raman peaks when the crystal is
doped with Ru and Mg. The full width at half-maximum
(FWHM) of the Raman peaks is related to the presence of
disorder in the crystal lattice structure. There is no shift in the
peak position except the variation in peak intensities and

FWHM, which show that there is no structural change except
for the change in point defect concentration, which is in line
with the observed HRXRD results. The strong peak at 872
cm−1 is attributed to LO modes of the Li sublattice, and the
line-width of the same is correlated to the Li content in the
lattice. The FWHMs of the 872 cm−1 peaks for the R:M4LN
and R:M6LN samples are 38.25 and 44.43, respectively. The
increase in FWHM of the peaks with the increase of Mg
indicates the increase in disorder within the crystal structure.
This is in good agreement with HRXRD data depicting higher
FWHM for R:M6LN due to increased structural disorder
because of additional Mg ions in comparison with that of
R:M4LN. The change in FWHM for E(TO1) at 154 cm−1 and
E(TO7) at 433 cm−1 may be due to the fact that the addition
of Mg ions makes the disorder in the Nb sublattice and Li
sublattice, respectively. It is known that initially Ru and Mg
ions replace the Nb cations at the Li site whereas a further
increase of Mg gradually replaces Li from its site, leaving some
Li vacancies due to charge imbalance.
The presence of concentration of lithium (CLi) in the

crystals can be analyzed by using the LO modes at 872 cm−1

by using the formula48

= − Γ [ ]−C( ) 53.29 0.1837 cmLi
1

(1)

where Γ stands for the FWHM of the peak at a particular
position. The calculated values for R:M4LN and R:M6LN are
47.98 and 47.12 mol %, respectively, which shows that co-
doping might replace Li in the lattice.

UV−vis−NIR Analysis. Optical transparency was measured
on fine polished 1 mm-thick Ru:Mg-doped LN crystal wafers
cut along the growth direction (z-direction). Figure 4a shows
the recorded transmission spectra of R:M4LN and R:M6LN in
the wavelength range of 200−1200 nm. The obtained spectra
show that both the crystals exhibit high optical transparency in
the visible region. Further, the absorption coefficient (α) was
calculated from the transmittance spectra measured at room
temperature using the following relation49

≈ − −∝T R d(1 ) exp( )2
(2)

where T is the transmittance, R is the reflectivity (calculated
from refractive index (n) determined from Sellmeier’s equation
using the relation R∼(n − 1)2/(n + 1)2 to account for the
Fresnel reflection loss), and d is the sample thickness. The
refractive index (n) was calculated from Sellmeier’s dispersion
relation reported in the literature.50

The absorption coefficient (∝) spectra of both the crystals
are shown in Figure 4b. The absorption edge (AE) is
considered as the position of the wavelength where the
absorption coefficient is 20 cm−1.51 The measured AEs of the
R:M4LN and R:M6LN crystals are both 309 nm; the AE shifts
toward a lower wavelength in comparison to 320 nm for
undoped LN.52 As LN contains Nb antisite defects and Li
vacancies, this observation suggests that the co-doping of
Ru:Mg improves the optical band structure, which is due to
lowering of intrinsic structural defects (NbLi

5+and VLi
−1) in the

grown crystals as discussed earlier. Further, a very weak
absorption below 400 nm can be seen in the absorption and
transmission spectra. This may be attributed to structural
defects associated with Ru ions in the Mg:LN crystal as Ru
ions exhibit absorption peaks around 370 and 530 nm.53

Figure 3. Raman spectra of the R:M4LN and R:M6LN single crystals
measured along the Z(YX)Z scattering configuration.
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Further, the effects of Ru:Mg co-doping on the electronic
band gap energies of LN are calculated by using the Tauc
relation54

α υ υ∝ −h h E( )n
g (3)

where hυ is the photon energy, Eg is the allowed energy gap,
and n is an exponent determined by the nature of the
electronic transition during the absorption process. The value
n=2

1 is for the allowed direct transition, and n = 2 is for the
allowed indirect transition. Figure 4c shows the plot of
(αhυ)1/2 versus hυ for the R:M4LN and R:M6LN crystal
samples. The intercept with the energy axis (at α = 0) of the
straight-line fit from the linear region of the plot provides the
indirect band gap energy (Eg

ind). The observed optical indirect
band gap energy value is the same for both the samples, which

is 3.95 eV. The plot of (αhυ)2 versus hυ (Figure 4d) gives the
information for the direct band gap transition. The straight line
from the step rise of absorption at the higher photon energy
intercept with the energy axis (α = 0) gives the direct band gap
energy (Eg

d), which is 4.0 eV for both R:M4LN and R:M6LN.
The observed indirect and direct band gap energies for the
R:M4LN and R:M6LN samples are higher than the band gap
energies of the CLN crystal.55 The values of AE and the direct
and indirect band gap energies are summarized in Table 1. The

increase in band gap energies of doped samples confirms
reduction of structural defects. The increase in the band gap
due to Ru:Mg doping is related to the shift in absorption edge
toward the lower wavelength.
Further, the Urbach behavior of the absorption edge in

crystalline and amorphous materials characterizes the lattice
disordering of the material. The exponential increase of the
absorption coefficient with incident photon energy gives an
Urbach tail, which gives information on the energy width of
localized states and the presence of different types of disorders
and intrinsic defects in the energy band gap. The exponential
character of the absorption coefficient near the fundamental
AE is expressed by the following empirical relation56

α α υ= h Eexp( / )0 u (4)

where α0 is a characteristic crystal parameter and Eu is the
Urbach energy, which corresponds to the width of defect tail
states. Eu is calculated from the reciprocal of the slope of the
linear fit of the ln(α) versus hυ plot (Figure 5)

α
υ

= Δ
Δ

−E
h

(ln )
( )u

1

(5)

The calculated Urbach energy for R:M4LN and R:M6LN
are the same, which is 117 meV. The high value of Urbach
energy for the Ru:Mg-doped crystal with respect to undoped
LN (78 meV)55 indicates that the doped crystals may contain
additional point defects like F-centers and oxygen vacancies
apart from intrinsic defects or doping-induced structural

Figure 4. (a) Optical transmission spectra, (b) absorption coefficient
spectra, (c) direct band gaps, and (d) indirect band gaps of R:M4LN
and R:M6LN.

Table 1. Direct and Indirect Band Gap Energies of Different
Samples along with Absorption Edges (AEs) and Urbach
Energies

Sample AE (nm) Eg
d (eV) Eg

ind (eV) Eu (meV)

CLNa 318 3.93 3.77 78
R_M4:CLN 308 4.00 3.95 117
R_M6:CLN 308 4.00 3.95 117

aRef 55.

Figure 5. Dependence of the logarithm of the absorption coefficient
ln(α) with incident photo energy.
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disorder. This is also consistent with the observation in the
HRXRD measurements in which the higher FWHM is
observed for the doped crystal in comparison to CLN.
Refractive Index and Birefringence Analysis. The

extraordinary (ne) and ordinary (no) refractive indexes of the
as-grown CLN, R:M4LN, and R:M6LN crystals have been
measured and plotted for two wavelengths, 532 and 1064 nm,
at room temperature. The measurement is carried out by using
the prism coupler technique.37 The error was estimated as
described in ref 34. In comparison to the undoped LN, both no
and ne for 532 nm are gradually decreasing (Figure 6a) with

the increase of Ru:Mg doping concentration. From Figure 6b,
it is evident that at 1064 nm, no decreases with the increase in
Ru:Mg dopant concentration, but ne is slightly higher for
R:M6LN than for R:M4LN and is nearly the same as that of
undoped LN. The observed reduction in the refractive index of
R:M4LN at both the wavelengths may be due to the

modification in the defect structure, particularly the decrease
in intrinsic defects (NbLi

5+ and VLi
−1) due to Ru:Mg doping. δn

is the birefringence, defined as δn = no − ne. In contrast to
undoped LN, δn increases for R:M4LN, whereas it decreases
for R:M6LN at both the wavelengths, 532 and 1064 nm. The
comparatively higher birefringence for R:M4LN is suitable for
photonic applications. The refractive index and band gap
energy are related by the relation n2 ≃ 1 + C/Eg,

57 where C is a
material constant. The observed slight decrease in the
refractive indices with doping is consistent with the increase
in band gap energy, which is related to the shift in the
absorption edge toward the lower wavelength (Table 2).

Conoscopy Patterns. The observed conoscopy patterns of
the c-cut plates of the R:M4LN and R:M6LN samples under a
polarized light optical microscope in transmission mode are
shown in Figure 7a,b, respectively. The observed conoscopy
patterns are nearly well shaped and symmetrical. The
symmetrical fringe patterns show good compositional and
hence good optical homogeneity, which shows that the doped
crystals are free from residual stress. A retarder plate (532 nm)
is inserted in the optical path, and the interference pattern is
examined to see the influence of dopants on the birefringence
behavior and mainly on the optic sign of the crystal. The blue
color appearance in the second and fourth quadrants confirms
the negative optical sign of the grown crystals. It is therefore
confirmed that doped lithium niobate crystals are negative
uniaxial and doping (Mg, Ru) does not influence its optic sign.

SHG Analysis. The SHG properties of the undoped and
Ru:Mg doped LN samples were confirmed by the green light
(532 nm) at the output during powder SHG measurement.
Table 3 gives the output power values of the CLN, R:M4LN,
and R:M6LN samples along with the output power of standard
KDP. The relative SHG efficiencies of CLN, R:M4LN, and
R:M6LN are 2.88, 2.91, and 2.44, respectively, compared to
that of the standard KDP crystal. The NLO efficiency initially
increased for the R:M4LN sample and the decreased for the
R:M6LN sample where the Mg concentration is higher. This
observation shows the dependence of SHG on the doping
concentration as it influences the crystalline perfection. The
reduction in SHG for R:M6LN may be due to the presence of
low angle boundaries as observed in HRXRD studies.35 The
presence of low angle boundaries will influence the SHG due
to possible phase mismatch between the fundamental and
nonlinear fields associated with grain misorientation. In
addition, the decrease in SHG may also be attributed to a
decrease in the nonlinear optical coefficients associated with
the presence of foreign ions in the crystal.58

■ CONCLUSIONS
In conclusion, high-quality Ru:Mg co-doped LiNbO3 single
crystals were grown from congruent melts by the Czochralski
method. The HRXRD analysis confirmed that the crystalline
perfection of the pure and Ru:Mg-doped crystals is good. The
UV−vis−NIR spectral analysis shows that the co-doping shifts
the absorption edge toward a shorter wavelength. The optical
band gap energies for direct and indirect transitions were
evaluated. The obtained absorption edges and direct and
indirect band gap energies are the same for both Ru:Mg-doped
samples. The presence of an absorption band around 400 nm
in doped crystals makes them suitable for photorefractive and
beam coupling applications. The well-shaped, symmetrical
conoscopy patterns of doped LN confirm good compositional
and hence good optical homogeneity, which shows that the

Figure 6. Refractive indexes of the undoped, R:M4LN, and R:M6LN
single crystals at (a) 532 and (b) 1064 nm. (c) Birefringence of
undoped, R:M4LN, and R:M6LN.
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doped crystals are free from residual stress. The observed slight
decrease in refractive indices with doping is consistent with an
increase in band gap energy, which is related to the shift in the
absorption edge toward the lower wavelength. The compara-
tively low SHG efficiency of R:M6LN may be due to the
presence of low angle boundaries as observed from the
crystalline perfection.
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