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High Resolution XRD Studies on Mg, Cr and Nd Doped LiNbO; Crystals
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Abstract: Undoped and doped LiNbO; single crystals were grown by Czochralski technique. Comparative studies on
these undoped, Cr doped, Mg doped, Mg:Cr codoped and Mg:Nd codoped LiNbOs single crystals were carried out. Phase
identification was done using powder XRD technique. The effect of doping and co-doping on crystalline perfection of
these crystals was monitored using high resolution x-ray diffraction (HRXRD) technique. The diffraction curves (DCs)
were recorded in symmetrical Bragg geometry for (006) diffracting planes using MoKa; radiation.

INTRODUCTION

Lithium niobate, LiNbO; is one of the most widely stud-
ied functional materials because of its diversified applica-
tions in opto-electronics industry [1, 2]. LiNbO; crystals are
thermodynamically non-stoichiometric and characterized by
defect structure. This non-stoichiometry results in high con-
centration of intrinsic defects and disorder in the crystal.
These defect sites can easily incorporate impurities, the ex-
ternal defects, and the necessary charge compensations can
be easily balanced by intrinsic defects. The photo refractivity
and quality of holographic devices in this material depends
on the presence of defect generated during growth as well as
deliberately added impurities. Usually transition metal ions
are added for these purposes. Lithium niobate doped with
transition metal ion Cu, Fe, Mn, Ce etc., exhibit significant
photo refractive properties and is potential material for holo-
graphic memories [3]. A serious disadvantage of undoped
congruent LiNbO; crystal is that it usually shows the so
called “optical damage” a kind of photo refractive effect,
when irradiated with high power laser beam of visible wave-
length. This effect limits the stability of undoped LiNbO;
crystal in nonlinear optical applications. Photorefractive
phenomena in ferroelectrics materials are related to the in-
corporation of impurities (extrinsic defects) or presence of
structural defects (intrinsic defects), acting as donors and
acceptors for charge carriers. The role of defect structure on
the electronic and structural characteristics of the crystals is
very significant to understand their physical and chemical
nature [4, 5]. The well established band structure approach
for variation in optical properties of congruent LiNbO; is
given by Kityk et al. [6, 7].

LiNbO; doped with various transition metal and rare
earth ions is a laser host material, which could be used for
tunable self-frequency doubling lasers [8]. One of the most
studied dopant in LiNbO; is Cr®* ion. Several Cr** centers
have been detected in LiNbO; crystals [9]. Their existence
depends on several factors as doping level, stoichiometry of
the crystal and co-doping with other ions. Especially impor-
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tant is co-doping with Mg or Zn at a level above 4.5 mol%,
which inhibits photorefractive properties of the material.
Another potential application of LiNbO; is in Nd** based
compact diode-pumped self-frequency doubled lasers that
emit green radiation, useful for applications in optical data
storage, and excitation sources to replace ion gas lasers and
pumping of parametric oscillators and amplifiers [10]. The
understanding of the optical properties of Nd** ions in lith-
ium niobate crystals has gained considerable attention after
demonstration of efficient laser oscillation for the
Nd:Mg:LiNbO; system [11]. When LiNbO; devices are used
at high laser intensity, their performance is severely limited
by the optical damage effect, which induces birefringence
change and deforms the laser beams. Some damage resistant
impurities have been reported, such as divalent (Mg?* [12],
Zn** [13]) and trivalent (In** [14], and Sc** [15]) impurities,
which lead to a strong decrease of the photo damage in
LiNbO; and have been receiving a lot of interest. In this pa-
per we have studied the effect of doping and co-doping on
lithium niobate crystal lattice using powder x-ray diffraction
(XRD) and high resolution x-ray diffraction (HRXRD).

EXPERIMENTAL DETAILS

The single crystals of LiNbO; were grown by Czochral-
ski technique. LiNbOs is an incongruently melting material.
The congruently melting point is 1240 +5 °C, and it is at the
composition 48.6 mol% of Li,O. Usually, LiNbO; crystals
are grown from the melt with a composition 51.4/48.6 for the
molar ratio of Nb,Os / Li,CO3, which is the congruent melt
composition. Starting materials of Nb,Os and Li,CO3 with
4N purities were weighed according to the composition at
the congruent melting point and mixed. Different dopants
were added to the charge as per the desired composition. The
mixture was ball-milled for 8-10 hours to ensure proper mix-
ing. The ball-milled mixture was kept in a furnace for solid-
state reaction at 1000 °C for 24 hours. This process was re-
peated to ensure the completion of solid-state reaction. The
reacted charge was ground, remixed and 50 mm diameter
pallets were made for crystal growth experiments. These
pallets were placed in a 60 mm diameter and 60 mm height
platinum crucible for crystal growth runs in air atmosphere.
The charge was melted using induction-heating system. The
melt was homogenized for 1-2 hours at a temperature little
above the melting point. A seed crystal in [00.1] orientation
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was inserted into the melt at 1-2 °C above the melting point.
Pulling rate was 12 mm/h. Specially designed growth cham-
ber was used for growth of crack-free and colorless crystals.
Platinum cylinder was used as an after-heater to ensure a
controlled post growth cooling of the crystal. The post
growth cooling was maintained at a rate 10-15 °C/h initially
up to 800 °C, and thereafter 20-25 °C/h to room temperature
[16]. Different undoped and doped crystals were grown suc-
cessfully. The compositions grown in the present study were
undoped LiNbO3; 7 mol% Mg doped LiNbO3, 7 mol% Mg,
0.5mol% Cr co-doped LiNbO3, and 7 mol% Mg and 1 mol%
Nd co-doped LiNbOs. A small portion of grown crystal was
crushed properly for powder XRD study. 18 kW RIGAKU
x-ray generator with Cu K, wavelength (1.5418 A) was used
for X-ray diffraction experiments. Powder XRD patterns
were taken for different undoped and doped samples. The
XRD spectra were compared with the JCPDS data file for
congruent LiNbO; crystal.

In order to monitor the crystalline perfection of these as
grown crystals, high-resolution X-ray diffraction (HRXRD)
measurements were performed. A multicrystal x-ray diffrac-
tometer (MCD) was used for these experiments [17]. A fine-
focus X-ray tube (Philips, 0.4x8 mm, Mo 2 kW) is energized
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by a well stabilized Philips X-ray generator (Philips
PW1743). The white X-ray beam first passes a long collima-
tor (fitted with a special set of slits at one end) and is then
diffracted from two plane (111) Si monochromator crystals
of Bonse-Hart type. A well collimated Mo Ko, beam is iso-
lated and further diffracted from a third plane monochroma-
tor crystal of dislocation free Si in the dispersive symmetri-
cal Bragg geometry (+, -, -) configuration. This arrangement
particularly improves the spectral purity of the Koy
beam. The well-polished specimen crystal was aligned in the
(+, -, -, +) symmetrical Bragg geometry. The rotation given
by the main turntable to the specimen around a vertical axis
(which changes the glancing angle 6) is produced with the
help of a micrometer, which moves a long radial arm of the
diffractometer. The specimen can be rotated in steps of 0.5
The diffracted X-ray intensity is measured by a scintillation
counter. Its output is measured by the counting system in-
corporated in the microprocessor control unit. The detector is
mounted with its axis along a radial arm of the turntable. The
diffraction data were plotted with Origin 7.0. To analyze the
data the deconvolution tool was used which gives the second
peak hence the angle separation.
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Fig. (1). XRD patterns for (a) undoped LiNbO;3 (b) Cr: LiNbO3 (c) Mg:Cr: LiNbO3 and (d) Mg:Nd : LiNbO; crystals.
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RESULTS AND DISCUSSION

Transparent, inclusion and crack free single crystals of
undoped and doped LiNbO; with congruent composition
were grown successfully by Czochralski technique in air
atmosphere. The undoped and Mg and Nd doped crystals of
LiNbO; were colorless, whereas the Cr doped crystals were
light green in color. The crystallographic structure of
LiNbO; is rhombohedral with 3m point group and R3c space
group correspond to ferroelectric phase. These crystals have
a large melting point 1533 K and undergo a phase transfor-
mation at 1483 K from a hexagonal to rhombohedral struc-
ture which is accompanied by a large volume change. Nb
atoms occupy (0,0,0) positions, Li atoms occupy (0,0,1/4)
positions and O atoms occupy (4,1/3,1/2) positions. The unit
cell dimensions for hexagonal lattice are: a= 5.1494 A and
c=13.8620 A.

A small portion of each grown crystal was fine crushed
for powder XRD analysis. Fig. (1a,b,c,d) shows the XRD
patterns for the undoped and doped LiNbO; samples. XRD
patterns indicate that there is no significant change in the
basic lattice of the parent LiNbO; crystal due to doping. It is
understood as the doping level is very small and under the
detection limits of the bulk powder XRD technique. The
small change in overall intensity is not because of the doping
effect it is rather due to the variation in sample particle sizes
and batch preparation.

High-resolution X-ray diffractometry (HRXRD) and to-
pography are powerful techniques for structural characteriza-
tion and have been extensively employed to evaluate crystal-
line perfection of semiconducting and optical single crystals
[17]. These techniques are useful for direct observation of
defects and provide valuable feed back for improving struc-
tural perfection of the crystals. There are very few studies on
structural characterization by these techniques on ferroelec-
tric single crystals. However, such studies are very essential
for these crystals because just after the growth during cool-
ing cycle, these crystals generally undergo structural phase
transformations accompanied by large volume changes,
which lead to crystal defects, like dislocations and grain
boundaries. Post growth thermal annealing for longer dura-
tion with slow raising and cooling rates was found to be very
efficient both in semiconducting and optical crystals. Fig. (2)
shows a schematic line diagram of the multicrystal x-ray
diffractometer developed and fabricated at NPL [17], em-
ployed in the present investigations for high resolution XRD.
The specimen occupies the fourth crystal stage and is ori-
ented for diffraction in (+,-,-,+) configuration. This arrange-
ment improves the spectral purity (AMA << 107) of the
MoKo; beam. Such an arrangement disperses the divergent
part of the MoKa; beam away from the Bragg diffraction
peak and there by gives a good collimated and monochro-
matic MoKa; beam at the Bragg diffraction angle. The
height of the x-ray beam can be adjustable which ~ 6 mm is
at the specimen stage with vertical divergence of ~ 10 arc
min in these experiments. The divergence of the exploring
beam in the horizontal plane (plane of diffraction) was esti-
mated to be << 3 arc sec.

Diffraction curves (DCs) were recorded for all the com-
positions in the same (+,-,-,+) configuration. Fig. (3a,b,c)
shows the diffraction curves (DCs) for three different com-
positions. Fig (3a) shows the DC for undoped LiNbO; crys-
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tal. From the DC it is clear that it contains one well-resolved
peak in addition to the main peak corresponding to low angle
(= 1 arc min) grain boundary. The additional peak is at 95
arc sec towards higher diffraction angle from the main peak.
The full-width at half maximum (FWHM) of the main peak
is 20 arc sec, while the peak intensity was measured 550
c/sec. It may be mentioned here that the additional peak in
the observed DC cannot be due to the ferroelectric domain
boundaries.

MONOCHROMATOR STAGE (+,-,~)

DETECTOR
X-RAY -
SOURCE &y
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DIRECT BEAM
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STEPPING MICRO-PROCESSOR
MOTOR CONTROL UNIT

Fig. (2). Schematic diagram of multicrystal X-ray diffractometer
developed at NPL Delhi [17].

In ferroelectric domains, only the orientation of dipoles
in the adjacent domains is different, which does not change
the orientation of lattice planes. However, ferroelectric do-
main boundaries can contribute diffuse scattering, which
may broaden the diffraction curve. To remove or reduce such
grain boundaries and to enhance the crystalline perfection of
the crystal, post growth thermal annealing with slow heating
or cooling for longer time period was found to be very effec-
tive [18]. Fig. (3b) shows the DC of 0.5 mol% Cr doped
LiNbO; crystal. The deconvolution of this curve indicates
that the experimental DC consists of two curves (dotted line)
with an angular separation of 14 arc sec. The FWHM re-
corded for the main peak is found to be 40 arc sec while the
peak intensity is 1075 c/sec. In Fig. (3c) we have shown the
DC for the composition 7 mol% Mg, 0.5mol% Cr co-doped
LiNbO; crystal. This figure clearly shows that there is only
single peak in this crystal. The half width and peak intensity
of this peak are 63 arc sec and 1473 c/sec, respectively.

From the DCs of all the grown crystals, it is clear that the
crystalline perfection of the Cr doped and Mg, Cr co-doped
LiNbO; crystals is better than the pure LiNbO; crystal. Since
in un-doped LiNbO; the antisite defects are more prominent,
which are being filled by the dopants. This filling up of va-
cancies makes the crystal more perfect on doping.

Fig. (4a,b) shows the DCs for the Mg doped and Mg:Nd
co-doped LiNbO; crystals. Fig. (4a) is the DC for 7 mol%
Mg doped LiNbO; crystal. The deconvolution of this curve
indicates that the DC consists of two curves (dotted line)
with an angular separation of 12 arc sec. The FWHM re-
corded of the main peak is found to be 24 arc sec while the
peak intensity is 575 c/sec. Fig (4b) shows the DC for the
composition 7 mol% Mg, and 1 mol% Nd co-doped LiNbO;
crystal. This figure clearly shows that there is single diffrac-
tion peak in the DC. The half width and peak intensity of this
peak are 19 arc sec and 1145 c/sec, respectively. Nearly full
height of the DC, which is approximately equal to the height
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Fig. (3). High Resolution X-ray diffraction curves recorded for (006) diffracting planes for (a) undoped LiNbO; (b) 0.5 mol% Cr: LiNbO3

and (c) 7 mol% Mg: 0.5 mol% Cr:LiNbO; crystals.
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Fig. (4). High resolution X-ray diffraction curves recorded for (006) diffracting planes for (a) 7 mol% Mg: LiNbO3 and (b) 7 mol% Mg: 1

mol% Nd: LiNbO; crystals.

of the exploring X-ray beam, reveals that the specimen does
not contain any structural boundaries. This DC also indicate
that crystalline perfection of Nd:Mg: LiNbO; is better than
both undoped and Mg doped LiNbO; crystals. The doped

ions of Mg®*, Cr®* and Nd** ions are assumed to preferably
occupy Li sites and replace antisite Nby; up to a threshold
concentration in LiNbO; crystal. As the Mg concentration
exceeds the threshold, antisite defects Nby; disappear, while
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Mg?* separately enters Nb and Li sites. In our experiments,
the Mg content in LiNbOs: 7mol% Mg, 0.5 mol.% Cr is suf-
ficient to push all Nb; Similarly in the case of Mg:Nd co-
doped LiNbO; crystals the overall Li vacancies are filled,
which results in higher crystalline perfection.

CONCLUSIONS

Transparent and crack free crystals of undoped, Cr
doped, Mg:Cr co-doped, and Mg:Nd co-doped LiNbO; sin-
gle crystals were grown successfully. Powder XRD results
show that the grown crystals were single phase retaining the
parent rhombohedral crystal symmetry. The crystalline per-
fection of the as grown crystals was monitored using
HRXRD technique. The DC for undoped LiNbO; suggests
the presence of low angle grain boundary in the crystal.
However, in case of Cr doped, Mg:Cr co-doped, and Mg:Nd
co-doped LiNbO; crystals, the crystalline perfection is better
compared to the undoped crystal. The better crystallinity in
the doped and co-doped crystals is due the filling of Li va-
cancy sites by doped ions, which results in the overall reduc-
tion in Li vacancies.
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