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Abstract: RE;Ti;O7 (RE =Y, Yb, Ho, Er) pyrochlores are very interesting as potential candidates for
host materials for applications in transition-metal ions lasers. Y,;Ti,Oy crystals were grown by the
optical floating zone (OFZ) method. The shape of the growth interface is of paramount importance for
the growth of single crystals. As striation and the growth interface have the same shape, we observed
the striations in as-grown crystals under polarized light. The degree of overheating of the molten
zone influences the shape of the growth interface. An increase of power supplied to the molten zone
combined with a decrease of both, thermal conductivity and the amount of heat dissipated by the
seed-rod, causes an increase in the degree of overheating of the floating zone. Under a high degree of
overheating, the interface of the crystal grown is less convex, with smaller curvature. With the speed
of rotation of these crystals decreasing from 30 to 7 rpm, the curvature of striations decreases and the
shape of the growth interface changes from convex to less convex, and finally to concave.

Keywords: crystal growth; optical floating zone method; interface; striation

1. Introduction

Pyrochlore oxides have been investigated for a variety of applications such as high permittivity
dielectrics [1], solid electrolytes in solid-oxide fuel cells [2], catalytic activator [3], ceramic thermal barrier
coatings [4], colossal magneto-resistance [5], gas sensors [6] and as host materials for the immobilization
of nuclear fission products [7]. Over the last two decades, however, rare earth pyrochlore titanates
(RE;TizOy) have received much more attention because of their interesting magnetic properties which
arise due to magnetic frustration, for example, spin ice [8], spin liquid [9], and spin glass ground
states [10].

Pyrochlore oxides of the composition RE;Ti;O7 have a face-centered cubic crystal structure with
the space group Fd-3m (227), in which RE and Ti sit on the centers of octahedron and dodecahedron O
atoms in the oxygen sub-lattice. RE ions or Ti ions can be substituted by transition-metals (TM), such
as Cr, Co, and Mn, and TM-doped RE;Ti,Oy crystals can be obtained [11-15]. The energy levels of
TM ions can be split by the crystal fields of the O-octahedra and the O-dodecahedra in the RE;Ti;O7
crystals. In this way, the TM ions become optically active centers. Therefore, rare earth titanates are
potentially very interesting as host materials for applications in transition-metal ion lasers [16]. For a
luminescent host material, the high transmissivity of RE;Ti,Oy crystals is demanded, i.e., the light
absorption by the host crystals should be minimized.
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The physical and chemical properties of RE,Ti;Oy crystals grown by the optical floating zone
method are strongly influenced by macro- and micro- defects, especially cracks, striations, light
scattering centers, color centers, and local lattice deformations. The formation of these defects depends
on the temperature profile at the front of the growth interface, which is affected not only by the lamps
layout, the focal distance and the mirror tilting [17-20], but also by the adjustment (and eventually
fluctuations) of growth parameters such as the power supplied to the liquid zone (and to the feed and
seed-rods), the speed of translation of the feed-rod and seed-rod, the rotation speed (and direction),
and the applied ambient gas composition and applied pressures [21]. Even a small variation of
these parameters changes the input and output of the heat to and from the liquid zone-growing
crystal-feed-rod assembly and can significantly influence the heat balance near the growth interface.
The shape of the crystallization front, overheating, and the growth rate are following these changes,
causing the properties of the growing crystal to be different. Therefore, the shape of the growth
interface is “recorded” in the form of striations.

In this paper, we focus on the effects of the degree of overheating of the floating zone on the shape
of the solid-liquid (S-L) interface associated with Y,TipOy crystals by observation of optical striations.
We confirm that the degree of overheating of the molten zone influences the shape of the growth
interface. Several factors are investigated, including the thermal conductivity of a seed-rod (as-grown
crystal), power supplied to the growth assembly, the seed-rod rotation speed, etc.

2. Experiments

The starting materials for the ceramic rods were 99.999% pure Y,03 and 99.995% pure TiO,
(Alfa Aesar Co. LTD, Tewksbury, MA, USA). These oxides were pre-annealed at 723 K for 12 hours,
and then the powders of Y,O3 and TiO,, with a mole ratio of 1:2, were ground by planetary ball milling
for 30 min at 400 rpm. The obtained powder was pressed hydrostatically at 60 MPa for 5 to 10 min to
form ceramic rods. The resulting Y,Ti;O7 rods were sintered at 1473 K in air in a muffle furnace.

Several single crystals of Y, TiO7 were grown by the optical floating zone method on a two-mirror
Canon furnace. For the growth, two ceramics rods were mounted, one above the other, with their long
axes aligned. Before starting the growth, the furnace was purged by the ambient gas for 25-30 min.
Focused light from halogen lamps heated both tips of ceramic rods until they formed a molten zone.
This was carried out in a variety of ambient gases. Molten material was then pulled out of the hot area
at different rates, depending on the crystal growth conditions, as listed in Table 1. After finishing the
growth, crystals were left in situ and cooled down to the room temperature within the furnace for
16-18 hours (lamps power decreasing at a constant rate). Removed Y, Ti,Oy crystals were cut into slices
about 1-1.5 mm in thickness and then polished until the surface was mirror-like quality. Macro-defects,
including cracks, grain boundaries, bubbles, and striations, were observed under polarized light.

Table 1. Condition of Y, Ti,Oy crystal growths.

Input Power Feed Growth Seed-Rod

Sample Lamps @ (kW, Speed Speed ® Rotation © Atmosphere Pr(xle(slfu)re

nominal) (mm/h) (mm/h) (rpm) a
#1 2x1.5kW 2.55 6.0-6.4 6.5 7-30 Air 100
#2 2x1.5kW 2.7-2.73 5.9-6.4 6.5-7.3 20 Air 200
#3 2x 1.5 kW 2.67-2.69 5.6-6.9 7.0-7.3 7-30 Ar @ 350
#4 2x15kW 2.72-2.73 6.2-7.0 7.0-7.2 7-30 O, 350
#5 2x15kW 2.72-2.73 6.9-7.0 7.0-7.3 7-30 O, 200
#6 2x2kW 2.94 7.4 7.7 7-30 O, 140
#7 2 X 2kW 2.83 7.0 7.8 7-30 O, 140

@: Power distribution within the focal plane is different for halogen lamps with different nominal power. ®: For a
stable growth state, this parameter is controlled in the range of £0.2. (): Feed-rod counter-rotation speed is fixed at
7 rpm, except for sample #2 where it is 10 rpm. (D: High-purity argon with maximum content of O, 2ppm and H,O
3ppm was used.
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3. Results and Discussion

3.1. The Optical Observation of As-Grown Y,Ti,O; Crystals

Figure 1 shows some of the as-grown Y,Ti,Oy crystals obtained by using different lamps and
different atmospheric conditions, i.e., different gases and various pressures. The as-grown crystals
shown in Figure 1a—f were obtained at the conditions of samples #1 to #7 in Table 1, respectively.
The crystals shown in Figure 1a,b,e are samples where the zones collapsed due to crystal tilting, crystals
cracking into pieces or an increase of input power. Short crystals with a length of less than 5 cm,
as shown in Figure la—e, are uniform in color. However, the crystals with a length of about 7 cm,
in Figure 1f,g, are semi-transparent, dark, and transparent from the tip (the end of growth) to end
(the beginning of growth). The dark regions are almost in the same position, 1.5-3.5 cm from the
tips. The formation mechanism of the dark region of as-grown crystals is not clear, but it is more
likely related to the long-time exposure of this part of a crystal to an intermediate temperature range
(annealing) during slow cooling, rather than to the evolution of the composition of FZ during growth.
Before a possible mechanism is confirmed, other optical factors that may cause a change of color of the
crystals should be excluded. This issue will be discussed in another paper [22]. In this work, our main
aim is the observation of striations. Several Y,Ti,Oy crystals were cut into slices, polished and analyzed
under visual and polarized light.

Figure 1. Pictures of as-grown Y, Ti; Oy crystals. As-grown crystals shown in (a—g) were obtained under
conditions listed in Table 1, respectively. The tips of as-grown crystals are on the right side in photos.

3.2. The Striations and the Growth Interface

3.2.1. Observation of Striations of As-Grown Crystals

Figure 2 shows polariscopic photos of the slices from as-grown Y,Ti,O7 crystals grown using
different gases with various pressures and different seed-rod rotation speeds. Figure 2a is a picture of a
slice cut from sample #1 (Figure 1a). The dark and bright stripes are the growth striations resulting
from periodic heating and cooling. The tip of the spilled crystal displays the growth interface shape.
The striations have the same shape as the crystal tip. Therefore, the striation can be used as an indicator
of the growth interface.

Figure 2b—d show images of striations as a function of crystal length for crystals grown at different
atmospheres, i.e., air, argon, and oxygen, respectively. For Y,;Ti;Oy, a single grain crystal can be
obtained after about 7 mm of growth. Usually, after the first 5 mm of stable growth, we change the
seed-rod rotation speed from a relatively low value (7 rpm) to a high value (30 rpm). The magnified
picture (not shown in this paper) shows that the shapes of striations change along the crystal length.
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The curvatures versus crystal length are shown in Figure 3. The curvatures are measured according
to the following steps: (1) copy the picture into AutoCAD software; (2) according to the size of the
crystal, adjust the picture into 1:1 in scale; (3) draw a circle that its arc should match the striation; (4) get
the radius value of the circle, (5) the reciprocal value of the circle radius is the measured curvature.
From the beginning of growth to a length of 5 mm, the curvature of the striations increases with the
crystal length but is not influenced by the rod rotation speed or the ambient gases (air, Ar, and O,) and
their pressure. Subsequently, after growing 5 mm from the beginning of the process of solidification,
the curvatures decrease (Figure 3a,b) and we observe a plateau (Figure 3c).

Figure 2. Polariscopic photographs of slices cut from the central part of as-grown Y, Ti;Oy crystals.
(a) For sample # 1, (b) for sample #2, (c) for sample #3, and (d) for sample #4.
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Figure 3. The evolution of the curvature of the striations of as-grown Y, Ti;O; crystals obtained at
different conditions: (a) for sample #2, (b) for sample #3, and (c) for sample #4.
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In other words, these curves show a correlation between the shape of the growth interface and the
crystal length. This relationship results from the changes in the thermal flow distribution through the
crystallization front as the length of the crystal increases. An accompanying qualitative analysis is
discussed in the following Sections 3.2.2 and 3.2.3.

3.2.2. Overheating of the Floating Zone Resulting from Heat Exchange

During crystal growth, while ignoring the convection heat exchange between the rods (including
a part of the liquid bridge) and the ambient gas, the net radiation heat delivered to the floating zone
(Ho)* (*heat is used in the sense of heat per time unit) should be described by the heat (Hy) conducted
out by feed-rod and the heat (H;) conducted out by the seed-rod (or as-grown crystal cylinder). For a
stable state all three parts are in balance and can be described by the equation:

Ho = Hy + Hs @

The above relation does not uniquely determine a solution. Assuming that the temperature of the cool
end of feed-rod (Ty) is constant and the heat Hy is given by Fourier’s law of heat conduction,

Hy = xA(T: — Ty) (2)

where x is the average thermal conductivity of the feed-rod including half of the liquid bridge, A is the
area of the cross-section of the feed-rod, T, is the average temperature of the floating zone (the liquid
bridge). In the stable growth state, the amount of heat (Hy) delivered to the liquid is constant. If the
heat H; increases from H; to H,’, according to Equations (1) and (2), the heat Hy should decrease to
Hf’, and T should likewise decrease to T,’, which means that the floating zone has a lower degree of
overheating. If the heat Hs decreases from H; to Hs”, the average temperature T,” of the floating zone
is higher than T, and the floating zone has a higher degree of overheating.

The analysis discussed above does not consider the change of the net radiated heat (Hy), i.e., Hp is
considered to be constant during crystal growth. When the zone is heated to a high temperature,
according to Stefan’s T* law, Hy decreases accordingly and the temperature of the floating zone tends
to decrease too. Thus the zone is not overheated to a temperature as high as T,” expected from the
Equation (2), but rather to a temperature T (T, < T < T,”).

The above description does not take into account details, like convection heat exchange between
the rods and the ambient gas, radiation emission from rods, etc., but these processes are complex and
a more complex analysis will be difficult and is beyond scope of this paper. Even if the analysis is
oversimplified, it explains how changes (evolution) in thermal-conductivity of feed-rod and seed-rod
can influence the maximum temperature (and more general temperature distribution) in a liquid bridge.

3.2.3. Overheating and Striation Curvatures

The thermal conductivity of the ceramic rod (xcer.) is smaller than that of the crystal (x.ry.) of the
same composition. During the growth of crystals, the thermal conductivity of the feed-rod is lower
and nearly constant while the effective thermal conductivity of the seed-rod (crystal) is increasing
according to its length. According to Equations (1) and (2), the heat Hs increases, the heat Hy decreases
and the floating zone temperature T, is lowered. The overheating in the zone affects the shape of
the solid-liquid interface, which manifests itself in changes of the striation’s shape. A lower positive
temperature gradient profile is apt to the convex interface, so the curvatures increase in the early stage
of crystal growth, as shown in Figure 3.

It is worth stressing, that the changes in temperature distribution in the floating zone influence
position (and shape) of both the melting interface (liquid-feed-rod) and crystallization front. This can
compromise the basic stability of the liquid bridge, so the operator needs to correct process parameters
to avoid catastrophic process termination—“spill”.
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3.3. The Effects of the Supplied Power on the Striation of the Y,Ti;O; Crystal

Figure 4 shows the visual light and polarized light photos of the tips of as-grown crystals obtained
under different degrees of overheating. For the as-grown crystal with a low overheating degree
(see Figure 4a—c), the striation shape is almost the same as the growth interface, which has a radius of
4.3 mm. Under high overheating conditions the striation is less convex and the growth interface has
the radius of 5.9 mm, as shown in Figure 4d—f. This result indicates that the overheating degree of
the floating molten zone affects the shape of the growth interface under constant conditions unless
the supplied power is adjusted by the operator. This result agrees well with our results discussed in
Section 3.2 and with other published results [17].

(a) =i 2mm  (d) Zmm

Figure 4. The dependency of curvature of Y, Ti,Oy crystal striations from overheating (nominal input
power). Sample #1 (2.55 kW, low overheating): left column. (a) Picture of the tip of the as-grown crystal,
(b) polarized picture of the tip of the central slice, (c) an arc matched the striation. Sample #5 (2.75 kW,
high overheating): right column. (d) Picture of the tip of the central slice, (e) polarized picture of the tip
of the central slice, (f) an arc matched the striation.

3.4. The Effects of Rotation Speed on the Striation of the Y,Ti,O; Crystal

For this part of our experiments, the growth parameters were kept constant, except for the seed-rod
rotation speed. The feed-rod rotation speed was fixed at 7 rpm; the temperature Ty is assumed to be
constant. The seed-rod (growing crystal) rotation speed was changed in steps from 30 rpm to 7 rpm.
The growth is performed and the analysis is done. Figure 5a shows the picture of the as-grown crystal.
The dark region is at 1.5-3.5 cm from the as-grown crystal tip. The dependence of the striation shape
on the seed-rod rotation speed was observed under polarized light, as shown in Figure 5b. Changes in
the striations pattern with seed-rod rotation speed are presented in Figure 5c. The curvature of the
striations decreases with decreasing seed-rod rotation speed, as shown in Figure 6. The striations have
a concave shape at a rotation speed of 7 rpm. For a rotation speed of 10 and 15 rpm, clear striations
were not visible due to the darkness of crystals. The results of another growth display clear striations
under lower rotation speeds, as shown in Figure 7. The striation shape is less convex for 7 rpm than
for 15 rpm.

Striation curvature is dependent on the seed-rod rotation speed, with it decreasing from 30 to
7 rpm, the curvature gradually changes from 0.27, 0.24, 0.22, 0.21, 0.20 to 0.17 mm~! (the value of 0.17 is
for the convex part of striations near the edges at 7 rpm). This suggests that the degree of overheating
in the floating zone increases with decreasing of the seed-rod rotation speed.
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. 1mm

Figure 5. The picture as-grown Y, Ti;Oy crystal and the image of its slice in polarized light. (a) Picture
of sample #6, (b) polarized picture of the tip of the central slice, and (c) amplified pictures selected
from (b) obtained at a different rotation speed. Corresponding rotation rates for different crystal parts
are labeled.
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Figure 6. Correlation between striation curvature and seed-rod rotation speed (for sample #6).

Figure 7. The polarized light images of as-grown Y, Ti;Oy slice (sample #7): (a) 7 rpm, R = 4.99mm,
and (b) 15 rpm, R = 3.92mm.

The dependence of the striation or interface shape of rutile single crystals on the rotation speed
was investigated experimentally by Higuchi et al. [23]. Their results showed that the growth interface
is much flatter under a high rotation speed (e.g., 40 rpm), which contrary to our results is discussed
above. Why does such a big difference exist? The growth rate and the interface shape are strongly
determined by transport of the latent heat during crystallization. The rotation speed is one of many
factors which influence the heat exchange, mainly by controlling forced convection in the liquid bridge.
The rotation speed of the seed-rod (or as-grown crystal cylinder) affects not only the convection in the
liquid zone but also the dissipation of the latent heat of crystallization, altogether, shaping the isotherm
of crystallization temperature.

Rotation of a seed-rod (and counter-rotation of a feed-rod) introduce another effect. The heating
process in the OFZ (in the configuration of horizontally distributed heating lamps with mirrors) causes
significant overheating of the liquid bridge in the region where the focused light is dissipating in
the liquid. Accordingly, the liquid temperature in-between “hot spots” is lower. The rotation of
the liquid bridge caused by the seed-rod is partially averaging liquid temperature, but for lower
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rotation, one can expect significantly higher temperature gradients than for a higher rotation. During
crystal growth, in the radial direction on the horizontal plane near the S-L interface, the as-grown
crystal experiences periods of weak heating alternated with strong heating due to the layout of lamps.
The temperature is undergoing continuous and periodic oscillations from a strong heating regime
(with a higher temperature, Tf) to weak heating regime (with a lower temperature, T ) and amplitude
of this oscillation depends on the rotation rate (low rotation—high amplitude). At the lower rotation
speed, the temperature T; may approach the lower value. The heat extracted by the seed-rod decreases
according to Equation (3)

Hs = xA(Ty, — To) 3)

where T is the temperature of the cool end of a seed-rod, constant, i.e., the “surrounding” temperature.
Similarly analyzing the discussion above, in the range of low values of rotation speed, e.g., 7-30 rpm,
the exchange heat (Hs) dissipated by the as-grown crystal cylinder decreases with the decreasing
rotation speed and the degree of overheating of molten zone subsequently increases. If a convex
interface advances towards the zone, it is melted back by a higher positive temperature gradient
and a less convex interface shape is formed. However, at a high rotation speed (e.g., 40 rpm), the
exchange heat H; possibly approaches a constant value, so the interface shape is strongly affected by
the convection in the melt which is related to the seed-rod rotation and temperature gradients in the
liquid bridge. This is a simplified description, and in this extremely complex thermal environment,
it is impossible to predict the thermal field and flows (heat and liquid) without advanced numerical
analysis. Such modeling is beyond the scope of our purely experimental paper.

4. Summary

Several Y,Ti,O7 single crystals were grown by the optical floating zone method. Striations
in as-grown crystals were observed under polarized light. The striations and the growth interface
have the same shape and the evolution of the shape with the growth of the crystal and changes
of growth parameters indicates that the analysis of striations can be used to describe the growth
interface. It is found that the degree of overheating of the floating zone affects the shape of the growth
interface. A higher positive temperature gradient profile prohibits the convex interface from advancing
forward, and a less convex interface shape is formed. The high overheating cases were observed in the
following experiments:

(1) In the initial state of Y,Ti,O; growth leading to the selection of a single grain, the growth
interface shape depends on the thermal conductivity of the seed ceramic rod. A less convex interface
with low curvature is obtained at a high overheating degree at the beginning of growth.

(2) During the growth of Y, Ti, Oy single crystals, the overheating degree increases with increasing
power. Under high overheating conditions, Y,Ti,O7 single crystals with a less convex growth interface
are obtained.

(3) After the initial state of Y,Ti;O; growth, with decreasing rotation speed of seed-rod from
30 rpm to 7 rpm, the curvature of striation decrease, and the shape of growth interface changes from
convex to less convex and even to a concave one.
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