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The effect of heating garnet melts to various temperatures has been investigated. The previously reported
decomposition of the garnet phase due to loss of Ga,O3 was corroborated. However, it was also observed
that when gallium oxide loss is prevented and the maximum temperature of the melt exceeds a critical
value, phase separation of garnet to perovskite and B-gallium oxide occurs:

RE3G35012 2 3REGaO3+Ga203.

The reverse reaction will occur by reheating the two-phase mixture to the garnet melting point.

Introduction

The use of rare earth aluminum and
gallium garnets (RE;Al;0,2, RE3Gas0s,)
as solid state laser materials or as substrates
for magnetic bubble memory devices
requires the growth of large high-quality
single crystals (I-3). Consequently,
information about phase stabilities in these
garnet systems is important. For example,
dysprosium aluminum garnet (Dy3;AlsO;,)
decomposes at temperatures slightly above
its melting point to dysprosium aluminum
perovskite (DyAlQO;) and Al, O3 (4). Similar
decompositions from a garnet structure to a
distorted perovskite with the concurrent
segregation of a second phase have been
reported to occur for a number of rare earth
gallium garnets in the presence of a flux
(5, 6).

In this study we observed the reversible
phase transformation of garnet to distorted
perovskite and B-gallium oxide for
Sm3Ga5012 and Gd3G35012. Differential
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thermal analysis (DTA) was used to investi-
gate the effect of the variation of tempera-
ture on the phenomenon.

Experimental

Garnet samples used in all experiments
were prepared initially as polycrystalline
material by adding Sm>O; or Gd,0; (IMC,
United Mineral Corp., 99.99%), freshly
dried at 1200°C, to Ga,Os; (Alusuisse,
99.99%) and heating the mixture in a pla-
tinum crucible to 1450°C in air. Several suc-
cessive heating and grinding cycles produced
homogeneous samples. The RE;GasO;;
garnet formulation is used throughout this
paper for simplicity; the actual nominal
compositions used were Sm3;GasO;,
+0.25 mole% excess Ga,0; (1)
and Gd;5Gag 95012 +0.25 mole% excess
Ga,05 (1, 7, 8). The excess Ga, 0, was used
to compensate for losses during preparation,

Crystals of Sm3GasO,, and Gd:Gas0,,
were grown by the Czochralski technique (9)
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using a furnace design similar to that pre-
viously reported (I). An atmosphere of
nitrogen with 0.9 vol% O, for Sm;GasO;,
and 1.5 vol% O, for Gd;GasO,, was used
during growth. A 30-kW, 310-kC Lepel RF
generator was used to heat a 50.8 X 50.8-mm
iridium crucible. Crystal diameter was
controlled by sensing crystal weight during
growth. Flat interface boules with diameters
of 19.1 or 22.1 mm were grown at a pull
speed of 1.37 mm/hr.

The effect of gallium oxide loss on garnet
decomposition was studied at various
temperatures above the melting point in the
same atmosphere as used during crystal
growth. All samples (=100 mg) were held

in open cylindrical iridium crucibles
(r=25mm, h=21.0mm; Engelhard,
99+) at the designated temperature

for 70 min followed by either slow cooling
(100°C/hr) or rapid quenching to room
temperature.

Simultaneous DTA and thermal gravi-
metric analysis (TGA) were performed on a
Mettler TA-1 instrument. Several small
randomly shaped single-crystal chips of
Sm;Gas0;; or Gd;GasO,,, totaling approx-
imately 200 mg, were placed into capped
iridium crucibles similar to those used in the
decomposition experiments. The sample-
containing crucible together with an empty
reference crucible and lid were heated in a
water-cooled tungsten resistance furnace. A
purging stream (50 cm?/min) of zirconium-
scrubbed He provided an inert atmosphere.
For the linearly programmed temperature
experiments, the heating rate was main-
tained at 25°C/min. Temperatures were
sensed by a W/W (26%) Re thermocouple.
Prior to some of these experiments, the iri-
dium lids were electron-beam welded onto
the crucibles.

Crystallized phases were identified by X-
ray diffraction using a  Norelco
diffractometer with monochromatic radia-
tion (AMR 3-202 focusing monochromator)
and a medium-intensity copper source
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[A(CuKay), 1.5405 A). A scan speed of 1°
26/min was used for all samples.

Results and Discussion

After the Czochralski crystal growth of
Sm3Gas0,, or Gd;Gas0,,, it was observed
that in some instances the residual melt crys-
tallized as a perovskite and B-gallium oxide
mixture. When this mixture, which was
stable at room temperature, was reheated to
the respective garnet melting points (T, of
Sm;Gas0,,=1664°C; T, of Gd;GasO,,=
1735°C), monophase garnet reformed on
cooling. These garnet phases and perov-
skite—gallium oxide mixtures are shown in
Fig. 1. This phase separation can be
represented as:

RE3G85012 2 3REGa03+Ga203.

It has been noted that SmGaQ; was found
in the residual melt if Ga;O; was lost during
the crystal growth of SmsGas0,, (10). Our
initial studies focused on the effect of the loss
of Ga,Oj; from overheating Sm;GasO;, and
Gd;GasO;, melts. These results are sum-
marized in Table I. When the melts were
heated to maximum temperatures of at least
100°C above the respective garnet melting
points, perovskite was the principal phase
upon cooling. In melts cooled from 100 to
200°C above the melting point, RE,Ga,0,
was the major phase, while at even higher
temperatures RE;O; appeared. The loss of
Ga,0; proceeds via a Ga,O intermediate
(11, 12). The effect of the continuous loss of
Ga,0; can be represented by the following
chemical equations:

RE3G3.5012 - 3REGaO3 + Ga203,
4REGaO3 - RE4Ga209 + Ga203,
REGa,09 = 2RE;O3+ Ga,0as.

Perovskite formation occurred as a result
of the loss of Ga,O; from the garnet melt;
however, this loss is irreversible and could
not account for the observed reverse trans-
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F1G. 1. (a) 1, Sm3GasOy,; 2, after phase separation Sm3;Gas0;, —3SmGaO,+ Gay0s; 3, after
reverse reaction 3SmGaO; + Ga,0; = Sm3Gas04,, when perovskite—gallium oxide mixture is heated to
the garnet melting point. (b) 1, Gd3GasO1,; 2, after phase separation Gd;GasO;, = 3GdGaO; + Ga05;
3, after reverse reaction 3GdGaO; + Ga,0; - Gd;Gas0,,, when perovskite-gallium oxide mixture is
heated to the garnet metling point.

TABLE 1

PHASES FORMED BY THE LoOss OF Ga,0O; FROM
Sm1Gas0;; AND Gd3GasO,;; GARNET MELTS

Principal
phases present

Temperature Cooling  after cooling

(°C, held rate to room
Garnet 70 min) (°C/hr)  temperature
Sm3GasO,, 1870 Quenched SmGaO; +
Sm4Ga209
Sm;GasO;, >1870 100  Smy4Ga,0q
Gd;Ga;s0,, 1842 100 GdGaO;+
) Ga203
GdgGasolz 1916 to 100 Gd4G3209
1930
GdsGasOy, >1950 100 or Gd,Ga,O¢+
quenched monoclinic
Gd,0;

formation of perovskite and Ga,Os back to
garnet. In order to further investigate the
temperature dependence and reversible
nature of this process DTA and TGA studies
were performed in capped iridium crucibles
to prevent the loss of Ga,0s;. The samples
were again heated to and cooled from
different temperatures above the respective
garnet melting points. During cooling from
25°C above the melting point, single exo-
therms appeared. The crystallized phase was
identified as garnet. When maximum heating
temperatures exceeded the melting point by
more than 70°C, two exothermic transitions
occurred on cooling, corresponding to the
crystallization of both REGaQ; and Ga,0s;.
This phase separation is independent of the
cooling rate. After repeated cycling of the
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perovskite and gallium oxide mixture to
25°C above the garnet melting point, rever-
sion to the garnet phase occurred. During the
heating cycles preceding the reversion, a
complex pattern of multiple endotherms
were usually observed. In most instances, at
least two cycles were necessary to achieve
this transformation. These results are shown
in Table II and Figs. 2 and 3.

During these experiments, total weight
losses varied between 0.0 and 0.3%. There-
fore, several experiments were repeated in
crucibles which were welded shut. Identical
results were obtained, which indicated that
these small weight losses were inconsequen-
tial to the garnet phase separation.

The garnet phase appears to be ther-
modynamically more stable than the perov-
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skite phase in the solid state. Garnet can be
prepared by direct solid state reaction of rare
earth and gallium sesquioxides; however,
attempts to prepare perovskite in an analo-
gous manner during this work and also by
other investigators (10) were unsuccessful,
with the resulting products consisting of
garnet plus RE,Ga;0y. This behavior could
be related to the stabilizing influence the
tetrahedral site provides for gallium in the
garnet structure. The perovskite, however,
can be prepared by cooling molten samples
of equimolar mixtures of the sesquioxides.
Consequently, the crystallization process has
an important influence on the formation of
the perovskite phase.

The erystallization patterns of both garnet
and perovskite were examined in more

TABLE 1I

DTA DATA ILLUSTRATING THE EFFECT OF HEATING GARNET MELTS WITHOUT THE
Loss OF Ga;0;

Maximum heating Endotherm Exotherm
temperature temperature (s) temperature (s)
Sample (°C) (°0) °C)
Sm;Gas0;; 9-2986 1685 1661 1622
SmyGas0,, 9-2987 1685 1664 1627
Sm;Ga;0;, 9-2988 1685 1655 1628
Sm3Gas04, 9-2987 1730 1669 1466, 1335
Sm;Gas0,, 9-2988 1730 1664 1463,1336
Sm;Gas0,, 9-2985 1790 1664 1458, 1332
Sm3Gas0,, 9-2640 1790 1669 1443,1334
Sm;Gas0;, 9-2655 1905 1653 1419,1318
Gd;Gas0;, 9-3109 1755 1738 1664
Gd,yGas0,,9-3110 1755 1736 1615
Gd;Gas;0,, 9-3109 1800 1740 1439, 1342
Gd3Ga;0,, 9-3110 1800 1748 1438, 1337
Sm;Ga;0,; 9-3148 1685 1645 1603
(cycled) 1730 1646 1450, 1390
1685 1521, 1641 1615
1685 1643 1618
Sm;Ga;0,, 9-3146 1685 1640 1449
(cycled) 1730 1645 1448, 1312
1685 1338, 1385, 1435 1459, 1316
1685 1336, 1384, 1477 1455, 1320
1685 1421, 1565, 1642 1576
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detail. A qualitative estimation of the crys-
tallization activation energies can be
obtained from the variation in shape of the
crystallization exotherms (13). For example,
at a 25°C/min cooling rate, the width at
half-height of both the garnet and perovskite

exotherms are. similar (=30sec). At a

1°C/min cooling rate, however, the perov-
skite exotherm broadens (width =70 sec)
while the garnet exotherm remains
unchanged. This broadening indicates that
perovskite has a lower crystallization activa-
tion energy than garnet and is kinetically
favored over garnet in the crystallization
process.

Our results are consistent with the idea
that near the melting temperature, the
“structure” of the liquid is similar to that of
the solid. As the temperature of the melt is
raised, changes in the liquid occur, which are
then reflected in the structure of the crystal-
lized solid. Similar structural changes have
been found to occur in AL,O; (14).
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