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Abstract

Single crystals of Rh-doped BaTiO; have been grown by high-temperature solution growth technique. The dopant
has significant effect on the growth parameters and crystal properties. Bulk single crystals of dimensions 5 x 5 x 4 mm®
have been grown with optimized growth conditions. Layer growth and vein-like structure patterns, indicative of 2D-
nucleation mechanism, have been observed on the grown crystals. The dopant level in the grown crystals was estimated
by EDX analysis. The crystals possess tetragonal structure and the tetragonality decreases for higher dopant
concentration. Rh doping in BaTiO; leads to decrease in dielectric constant and Curie temperature (7;) values.
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1. Introduction

Photorefractive materials (PRs) are of great
interest owing to their large non-linear response
under relatively low intensity illumination [1]. In
the IR and near IR regions, these materials find
useful applications such as diode laser beam
combining, injection-locking semiconductor diode
arrays, correcting semiconductor laser modes
using phase-conjugating mirrors and brightness
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enhancement [2]. Barium titanate doped with
rhodium (Rh:BaTiOs) is a potential photorefrac-
tive material in the IR and near IR regions [3].
Barium titanate crystal has been studied for its
potential use in optical data storage and optical
computing applications. In BaTiOs;, the photore-
fractive effect and stimulated photorefractive
scattering can be realized without the application
of high electric fields, which is normally required
for other materials [4]. The major limitation in the
performance of BaTiOj is its slow response time.
Attempts have been made to decrease the response
time by doping Rh in BaTiO; single crystal while
maintaining the photorefractive gain, and thus
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improving its viability for optical information
processing applications [5,6]. It has been reported
that self-pumped phase conjugation (SPPC) in
Rh:BaTiO; is strongly influenced by the dopant
concentration [7,8]. An efficient photorefractive
ring resonator has been realized using Rh:BaTiO3
with low absorption coefficient [9]. Crystals of
higher Rh concentration (2000-5000ppm) are
essential in order to achieve a low absorption
coefficient with high two-beam coupling gain [10].

The photo-refractive properties, SPPC and
near-infrared absorption for different levels of
Rh in BaTiO; have already been studied [9-11].
However, the effect of Rh dopant on the crystal
growth kinetics and ferroelectric properties has not
been studied. In this investigation, growth aspects
of Rh-doped BaTiO; with higher dopant concen-
tration have been studied. In view of the fact that
the segregation coefficient of Rh in BaTiO; is very
low [10], in the present study, the starting dopant
concentration was taken in mol%, namely 1, 3 and
5mol%. Growth of bulk crystals of Rh:BaTiO; is
difficult owing to the inherent nature of twin
formation, especially for higher dopant concentra-
tion. Hence a step-cooling method has been
adapted to growth bulk single crystals. Effect of
Rh-doping on the growth parameters has been
systematically studied and bulk crystals have been
grown with optimized growth conditions. Domain
patterns, structural and ferroelectric properties of
the grown crystals have also been studied.

2. Experiments

Rh:BaTiOj3 precursor was synthesized using the
starting materials of high purity BaCOj3 (99.98%),
TiO5 (99.99%) and Rh (99.9%) by calcination at
1000°C for 10-12 h with different doping levels (1,
3 and Smol%). The calcined powder was taken in
a 100 cc platinum crucible and mixed with KF flux
in the required flux—charge ratio. The crucible was
tightly closed by platinum lid to avoid the
evaporation of KF and loaded into a vertical type
resistively heated furnace controlled by a Euro-
therm (model 818) temperature controller with an
accuracy of +1°C. Bulk crystals were grown by
step-cooling process using the following tempera-

ture cycle:

RT A 1170—12000C =20 1170 1200°C

T 1050°C < 900°C

3-5°C/h 800°C 50°C/h RT

The furnace was heated up to 1170-1200°C
depending on the dopant concentration, homo-
genized for 10-15h and then slowly cooled to
1050°C at a rate of 1°C/h followed by an
intermediate soaking for 5-10h. Subsequently,
the melt was cooled to 900°C at a rate of 2°C/h
and then to 800°C at 3-5°C/h followed by a fast
cooling (50°C/h) to room temperature. After a
typical growth period of 10 days, the grown
crystals were separated from the flux by dissolving
in hot distilled water. Growth parameters, like
flux—charge ratio, cooling rate and soaking period
were optimized from successive growth runs.
Crystals were grown for three different dopant
concentrations (I, 3 and 5mol%). Growth me-
chanism and surface morphology of the grown
crystals were studied using an optical microscope
in the reflection mode. Powder XRD patterns were
recorded by using X-ray diffractometer with Fe
(2 =1.9373 A) radiation. Chemical composition
was estimated by the EDX analysis. For dielectric
measurements, silver electrodes were formed on
the crystal surface and the study was performed
from room temperature to 200°C using HP 4194 A
impedance/gain-phase analyzer at different fre-
quencies.

3. Result and discussion

For lower doping concentration (1mol%),
butterfly twin crystals were observed on the
surface of the melt. This is the characteristic
feature of BaTiO; crystals grown by flux method,
in which triangular thin plates occur in pairs and
join along their common hypotenuse at an acute
angle of prism or spine and the spine termination
may be either {111} or {110} [12]. Generally in
as-grown plates of butterfly twin crystals, many
laminar c- or a-domains extend through the crystal
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plate having boundaries at an angle of 45° to the
major surface [13]. Another type of re-entrant
angle crystals were found to grow for Rh
concentration of 3mol%. In this small-angle
twinned crystal, one of the spines advanced ahead
of the other and a curved re-entrant is formed
between two possible {100} faces. Although this
re-entrant probably contributes to the spine
development, it is not considered to be as
important in controlling the spine growth rate as
the re-entrant at the twin plane. The relatively
large size of twinned crystal compared to the
untwinned one is related to the influence of re-
entrant angle type deposition sites on growth rates
and ease of formation of two-dimensional nuclei.
In this aspect, the re-entrant angle formed by the
members of the twinned crystal can be compared
to a screw dislocation [12].

Fig. 1 shows polished Rh:BaTiOj crystals of
typical dimension 4 x 4 x 2mm®. Growth runs

Fig. 1. Polished Rh-doped BaTiOj; single crystals grown from
KF flux.

Table 1

with faster cooling rate and shorter soaking period
resulted in dendritic growth, yielding crystals with
flux inclusions. For higher doping concentrations,
the flux ratio was increased in order to compensate
the decreasing solubility with increasing Rh con-
tent. After repeated growth runs, the flux—charge
ratio was optimized for each composition as
shown in Table 1. The EDX measurements
revealed that the dopant concentration in the
grown crystals is much lower than the starting
composition (Table 1). However, the segregation
coefficient is higher than the reported value of 0.01
[10]. Higher level of dopant incorporation is
attributed to the step-cooling process, in which
the melt is homogenized over a wide range of
crystallization temperature, enabling easy move-
ment of solute and dopant material to the crystal
grown in the initial stage [14]. No accidental
impurities were observed within the detection limit
of EDX analysis except a small fraction of
platinum due to contamination from the crucible.
Addition of more rhodium prevents other acci-
dental impurities being incorporated in the crystal
[10]. The optical transmittance of the grown
crystals is measured to be in the range 50-60%.
The vein-like structure was observed in the
surface of Rh-1mol%-doped BaTiOj; single crys-
tals by optical microscope. The vein-like structure
is formed due to the growth below 1000°C, at a
lower supersaturation and low stacking fault
energy, as observed generally in BaTiOz family
crystals [15,16]. Concentric spiral growth pattern
was observed on the grown crystals for Rh
concentration of 3mol/%. This type of pattern
occurs due to the screw dislocation and higher
supersaturation [17]. Fig. 2 shows typical ferro-
electric domains observed on the crystals grown

Growth parameters, crystal composition, lattice parameters for different dopant levels of Rh:BaTiO; single crystals

Starting Flux-charge Soaking period (h)/ Growth Dopant level in the Lattice parameter
composition (mol%) ratio cooling rate (°C/h) temperature (°C) crystals (mol%) values

a (A) c(A)
BaTiO;:Rh-1.0 75:25 12/3 1170 0.09 3.9753 3.9944
BaTiO;:Rh-3.0 78:22 12/2 1185 0.25 3.9770 3.9928
BaTiO3:Rh-5.0 80:20 15/1 1190 0.45 3.9779 3.9890
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Fig. 2. Domain structure observed in Rh:BaTiO3 (Rh-1mol% )
crystals after etching with HCL. The regions “I” and “II”
represent the contrast between domains: the positive domains
look “bright” and the negative domains are “dark”.

from different Rh concentrations (1 and 3mol%)
after chemical etching using concentrated HCI
[18]. The regions “I” and “II” represent the
contrast between domains: the positive ¢ domains
look “bright” and the negative domains ¢~ are
“dark™ [19]. Domain boundaries are distinctly
seen with a definite order of the boundaries
depending on the crystal orientation.

Fig. 3 shows the powder X-ray diffraction
patterns of Rh:BaTiO; crystals grown from
Smol% of Rh. The studies confirmed the tetra-
gonal structure of Rh:BaTiO5 with a clear separa-
tion between (002) and (200) peaks similar to
pure BaTiOj at room temperature [15]. Variation
in a- and c-lattice parameters (Table 1) calculated
by least square fitting method, reveals that the
tetragonality slightly decreases with increasing Rh
concentration as the line broadening and ¢/« ratio
of BaTiOs lattice are highly sensitive to impurities
[20]. Laue X-ray pattern (Fig. 4) has been taken
for the grown crystal. Sharp and symmetrical spots
show the single crystalline nature and four-fold
symmetry, which corresponds to tetragonal sys-
tem. Laue patterns have also been taken in
different areas of the same crystal and the
homogeneity was confirmed.

Dielectric constant vs. temperature for Rh-
doped BaTiOj single crystals are shown in Fig. 5.
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Fig. 3. X-ray diffraction pattern of Rh:BaTiO5 (5mol% of Rh)
crystal. The pattern confirms the tetragonal structure of the
grown crystal.

Fig. 4. X-ray Laue pattern taken for Rh:BaTiO; single crystal.

The Curie temperature (7.) decreases with increas-
ing Rh concentration. Temperature vs. 1/¢ plots
confirm the first-order phase transition and also
the values of

i l /i 1 are not equal to 2
dT \ ¢ T<T, dT \ ¢ T>T. q '

The values of Curie temperature, transition
temperature and Curie constant for different
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Fig. 5. Dielectric constant vs. temperature for Rh-doped BaTiOj single crystals measured at a frequency of 1 kHz. The insert shows the

1/¢ vs. temperature for 5mol% of Rh:BaTiOj; crystal.

Table 2
Curie temperature, spontaneous polarization and Curie con-
stant for different dopant concentrations of Rh:BaTiOj3 single
crystals

Starting composition (mol%) 7T, (°C) P, (uC/em?) C x 10*

BaTiO;:Rh—-1.0 121.5 22 9.6248
BaTiO5:Rh-3.0 120.3 20 9.3699
BaTiO5:Rh—5.0 115.9 16 8.8746

concentrations of Rh-doped BaTiOj; crystals are
given in Table 2. The change in Curie temperature
(T¢) is due to the lattice dimensions change, i.e.,
volume change, which is equivalent to the change
in T, produced by pressure according to the
Clapeyron equation. The dielectric constant in-
creases with a maximum value at the Curie
temperature. For higher Rh content, the dielectric
constant is measured to be 6500. It is observed that
the phase transition is very sharp without diffused
nature.

4. Conclusions

Growth aspects of Rh-doped BaTiO; single
crystals have been investigated. The dopant has
significant effect on the growth temperature,
cooling rate, soaking period and morphology of
the grown crystals. Well-defined transparent
crystals of size 4 x4 x 2mm® have been grown
with optimized growth parameters. Though
the incorporation of Rh into the crystal is very
low compared to the starting composition,
the crystals grow without any accidental impu-
rities. The step-cooling process is effective in
increasing the segregation of Rh into growing
crystal. The decrease in Curie temperature for
Rh-doped BaTiO; crystals is attributed to the
decrease in tetragonality. The dielectric constant
increases sharply, indicating the absence of
diffused phase transition. It is inferred that
higher rhodium doping in BaTiO; yields bulk
single crystals with promising ferroelectric
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properties, which is wuseful for near-infrared
photorefractive applications.
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