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High-temperature solution calorimetry using a 2PbO - B,0;
solvent at 977 K was performed for LnMO; perovskites and
Ln; M5Oy, garnets (Ln = La—Lu, Y; M = Al, Ga), a-Al,O;, and
p-Ga,0;. The following four reactions were discussed from the
viewpoint of thermodynamic parameters, AH, AS, and AV
LnMO3 = éLn3M5012 + éLn203, Ln3M5012 = 3LnMO3+M203,
1Ln, 05 + IM,0; = LnMO;, and 3Ln,0; + 3 M,0; = Ln;M50,,.
The stability of LnMO; against the disproportionation to garnet
plus sesquioxide is controlled almost entirely by AH and PAV but
not by TAS. On the contrary, the stability of Ln;Ms0,, against
disproportionation to perovskite plus sesquioxide is controlled
not only by AH and PAV but also by TAS. The P-T boundary
between Ln;MsO,, and 3LnMO; + M,0O; has a negative slope.
The positive AS and negative AV for the disproportionation are
caused by an increase in coordination number and an increase in
bond distance. AH of perovskite formation is mainly controlled
by two factors, the strengthening of the ionic bond in Ln,0; with
decreasing ionic radius of Ln** and the weakening of the ionic
bond between Ln and the distant four O atoms in LnMO; with
decreasing ionic radius of Ln**. AH of garnet formation is
mainly controlled by two factors, the strengthening of the ionic
bond in Ln,0O; with decreasing ionic radius of Ln** and the
deviation of the ionic radius of Lrn** from the optimum size for
the garnet structure. AS values of both perovskite formation and
garnet formation are deduced to be negative, which suggests that
Ln,O; phases possess relatively large entropies. © 1998 Academic

Press

INTRODUCTION

Ln**—M?*-O binary oxides (Ln = lanthanide; M** =
APT (d°, Ti*T-Fe* " (d'-d°), Ga** (d'°)) show interesting
properties such as optical transparency (perovskites and
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garnets: M = Al, Ga), magnetism (perovskites: M =Ti, V,
Mn; garnets: M = Fe), or high electrical conductivity at
high temperatures (perovskites: M = Cr). Y3AlsOy, is
a well-known laser host material. Nd*"-doped YAIO; and
Cr®*-doped Gd;(Ga, Sc),Ga;0,, are potential candidates
for laser materials (1, 2). LaTiO; shows a metal-insulator
transition and antiferromagnetism (T = 125K) (3).
La, _,Sr,VO; is metallic with x > 0.225 and is insulating
with x < 0.225 (4). Perovskitelike La,;;Ba; 3MnO, shows
giant negative magnetoresistance (5). Yz;FesO;, and La-
CrOj; are well-known magnetic and electric heater mater-
ials, respectively. The properties of the binary oxides are
influenced by crystal structure. The binary oxides with lar-
ger Ln®" (Ln = La-Nd) prepared by solid-state reaction at
ambient pressure are perovskites for all M ions (Table 1)
(6-9). With decreasing size of Ln>*, however, the oxides
crystallize in various structure types at ambient pressure
depending on M as follows: no perovskites but LnyM,0,-
type phases and garnets (M = Al, Ga) (6, 10), exclusively
perovskites independent of Ln** (M = Ti, V, Cr) (6-8), no
perovskites but LuMnO;-type structure (M = Mn) (11),
and both perovskites and garnets (M = Fe) (6) (Table 1).
Ideal perovskites, 4 BO3, are cubic and consist of twelve-
coordinated 4 atoms and octahedrally six-coordinated
B atoms. The A and O atoms form face centered cubic type
close-packed layers. However, the perovskites in the Ln®* -
M?*-O binary oxide systems are distorted into trigonal
(LnAlOj: Ln = La—Nd) (6) or orthorhombic GdFeO;-type
(12) symmetries (LnAlOjz: Ln=Sm-Lu, Y (6); LnVOsj:
Ln=1La (13), Pr-Lu, Y (8); LnMOj;: Ln=La-Lu, Y,
M = Ti, Cr, Mn, Ga). The distortion of the M coordination
octahedra is small and is almost independent of Ln. In
contrast, the distortion of the Ln coordination polyhedra is
large and increases with decreasing ionic radius of Ln (14).
As distortion increases, the twelve O atoms surrounding
a Ln atom separate into two types, eight first-nearest and
four second-nearest O atoms. The difference between the
mean Ln—O distance for the first-nearest O atoms and the
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TABLE 1
Ln**—M>**—0O Double-Oxide Systems (Ln = Lanthanide;
M= Al Ti, V, Cr, Mn, Fe, Ga) Observed at Ambient Pressure

Al Ti v Cr Mn Fe Ga
La P P P P P P P/M
Pr P P P P P P P/M
Nd P P P P P P P/M/G
Sm P/M P P P P P/G M/G
Eu P/M P P P P P/G M/G
Gd P/M/G P P P P P/G M/G
Tb P/M/G P P P P P/G G
Dy P/M/G P P P P P/G G
Y P/M/G P P P H P/G G
Ho M/G P P P H P/G G
Er M/G P P P H P/G G
Tm M/G P P P H P/G G
Yb M/G P P P H P/G G
Lu M/G P P P H P/G G

“P: perovskite, LnMO3. M: 2/1 phase, LnyM,0q. G: garnet, LnyM 50, ,.
H: LuMnOs;-type phase, LnMOj.

mean Ln—O distance for the second-nearest O atoms in-
creases with decreasing ionic radius of Ln (14). The
Ln,M,04 phases do not have a close-packed array of
oxygen atoms and consist of seven-coordinated and oc-
tahedrally six-coordinated Ln cations and tetrahedrally
four-coordinated M cations (10). The garnets are also not
close-packed structures and comprise eight-coordinated
Ln**, octahedrally six-coordinated M>", and tetrahedrally
four-coordinated M>". The LuMnO;-type phases consist of
seven-coordinated Ln** and five-coordinated M>* cations
(11). If distortion is disregarded, Ln and O atoms in the
LuMnOs;-type phases would form close-packed layers.

Stability of the binary oxides is influenced by both tem-
perature and pressure. Shishido et al. (15) synthesized
Gd;Al504, by heating a stoichiometric amorphous sample
at 1573 K for 1h in air, followed by rapid quenching.
Gd;Al50,, decomposed into 3GdA1O; + a-Al,O5 after be-
ing maintained at 1773 K for 24 h in air (15). Geller et al. (16)
prepared LnGaOj; perovskites (Ln = Sm—Er), which had
not been obtained by solid-state reaction, by quenching
molten mixtures of Ln,O; and Ga,0O;. The molten state
was kept at temperatures ranging from approximately
1923 K for SmGaO; to approximately 2273 K for ErGaO;
for about 10 min and then quenched. The LnGaOj perov-
skites were obtained as a single phase except for HoGaOj;
and ErGaQO;. Dernier et al. (17) obtained LnAlO;3 perov-
skites (Ln = Ho-Lu) by high-pressure synthesis at 3.25 GPa
and 1473 + 10 K. Marezio et al. (18, 19) synthesized
LnGaO; perovskites (Ln =Sm-Lu, Y) at 7GPa and
1273 K or at 45GPa and 1273 K. Al garnets and Ga
garnets disproportionate into corresponding perovskites
and M,0; phases under high pressure.
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The P-T stability of a phase is governed by its free
energy. For a given reaction, the free energy change at
a given pressure and temperature, AG(P, T) is given by

P

AVdP,

AG(P,T) = AH° — TAS® + J [1]

1 atm

where AH® and AS® are the enthalpy and entropy change at
1 atm and the reference temperature, and the P-V integral
reflects the effect of pressure. Several reactions govern the
thermodynamic stability of these phases. Their formation
from the oxides is given by

%Ln203 + %M203 = LnMO3 [2]

3LnyO3 +3M,0; = LnyMsOy,. [3]

The relation of garnet and perovskite is controlled by pos-
sible disproportionation reactions

LnMO3 = %LH3M5012 + %Ln203 [4]
LnMO3 = %Ln3M5012 + %Ln4M209 [5]
Ln3M5012 = 3LnMO3 + M203. [6]

Furthermore, for M = Fe, oxidation—reduction reactions
can be considered.

1Ln,0; + Fe +20, = LnFeO, [7]

3Ln,O5 + 5Fe + 420, = LnyFesOy,. [8]
Katsura et al. (20) and Kimizuka et al. (21) studied the
temperature dependence of the standard free energy change,
AG®, for reactions [7] and [8] by controlling oxygen partial
pressure at temperatures 1273-1523 K. They discussed the
AG° values from the viewpoint of tolerance factors and
Madelung energies. To analyze the stability of the perov-
skites and the garnets as a function of temperature, it is
more informative to discuss AH and AS separately rather
than AG. The AH and AS parameters for reactions [2], [3],
[4], and [6] with M = Fe can be calculated on the basis of
Refs. (21) and (22). The calculated parameters shown in
Tables 2 and 3, however, include significant errors, arising
largely from uncertainties in determining the temperature
dependence of reactions [ 7] and [8]. It would be advantage-
ous to have direct measurements of AH and AS separately,
both for the ferrites and for the aluminates and gallates.
High-temperature solution calorimetry using a lead bor-
ate solvent is a relevant method to determine the enthalpies
of solid-state reactions (23-33). The method has been suc-
cessfully applied to a number of systems. In this study,
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Enthalpy (AH;) and Entropy (ASt) of Formation from Monoxides at 298 K for Ferrites Calculated on the Basis of Ref. (21)¢

KANKE AND NAVROTSKY

TABLE 2

Perovskite AH; (kJ mol™1) AS? JK 'mol™t) Garnet AH; (kJ mol ™) AS (J K 'mol™Y)
LaFeO; — 4435 + 12.55 2445 + 4.18

PrFeO; — 48.53 +12.55 11.90 + 4.18

NdFeO, — 4435 +12.55 16.08 + 4.18

SmFeO; —44.35 +12.55 11.90 + 4.18 Sm;FesOq, — 23849 +41.84 — 2420 +41.84
EuFeO; — 4435 +12.55 771 +4.18 EusFesOq, — 23849 +41.84 — 28.38 +41.84
GdFeO; —44.35 +12.55 7.71 + 4.18 Gd;FesOq, — 23430 +41.84 — 28.38 +41.84
TbFeO; —40.17 + 12.55 771 +4.18 TbsFesO;, —209.20 + 41.84 — 15.83 +41.84
DyFeO, — 3598 +12.55 7.71 + 4.18 Dy;FesOq, — 184.10 + 41.84 —3.28 +41.84
HoFeO; — 3598 +12.55 353 +4.18 Ho;FesO,, — 133.89 +41.84 26.01 +41.84
ErFeO; — 3598 +12.55 3.53 +4.18 Er;FesOq, — 83.68 +41.84 55.30 + 41.84
TmFeO; —27.61 +12.55 771 +4.18 Tm;FesO;, — 58.58 +41.84 59.48 +41.84
YbFeO, —23.43 +12.55 7.71 + 4.18 Yb3FesO0q, — 7531 +41.84 46.93 + 41.84
LuFeO; — 19.25 + 12.55 771 +4.18 LusFes04, —837+41.84 80.40 +41.84

“ Perovskites:  Ln,O; + } Fe,O3 = LnFeO;. Garnets: 3 Ln,O5 + 3 Fe,O3 = Ln;FesO,,. AH® and AS° data of Fe, O,, and Fe,O5 are quoted from
Ref. (22). Fe: AS° = 27280 JK 'mol !, O,: AS° = 205.146 J K ' mol ™!, Fe,03: AH° = — 823.411 kJmol !, AS° = 87.466 JK ! mol " 1.

AIP*(d% and Ga**(d'°) were chosen as M>*. Enthalpies of
solution, AH,, of LnMO; perovskites (M = Al, Ga),
Lny;MsO,, garnets (M = Al, Ga), «-Al,O3, and $-Ga,O;
were determined. Using the AH, data and those for Ln,O;
measured by Takayama-Muromachi and Navrotsky (34),
we will discuss the disproportionation reactions [4] and [6]
and the formation reactions [2] and [3] from the viewpoint
of the thermodynamic parameters, AH, AS, and AV.

EXPERIMENTAL
Sample Preparation

Ln,O;3 (Ln = La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb,
Lu, Y:99.9%), -A1,05 (99.9%), and -Ga,O3 (99.9%) were
dried at 1273 K for 1 h, 1273 K for 1 h, and 873 K for 1 h,

TABLE 3
Enthalpy (AHj) and Entropy (ASj) of Disproportionation of
LnFeO; and Ln;FesO,, at 298 K for Ferrites Calculated on the
Basis of Refs. (21) and (22)¢

AHg4[2] AS§[2] AHg[4] AS3[4]
Ln (kJmol™)  (JK 'mol™!) (kJ mol™ 1) (J K 'mol™Y)
Sm —33+151 —16.7+94 105.4 £+ 56.3 60.0 + 43.7
Eu —33+151 —134+94 105.4 + 56.3 S51.5 +43.7
Gd —25+ 151 —134+94 101.3 £+ 56.3 51.5 +£43.7
Tb — 1.7+ 151 —109+94 88.7 £ 56.3 39.0 +43.7
Dy —0.8 +£15.1 —84+94 76.1 + 56.3 264 +43.7
Ho 92 + 151 1.7+94 259 + 56.3 — 154 +43.7
Er 19.2 £ 15.1 75+94 —243+563 —44.7 +43.7
Tm 159 +15.1 42+94 —243+563 —36.3 +43.7
Yb 84 +15.1 1.7+94 5.0 +£56.3 — 23.8 +43.7
Lu 17.6 £ 15.1 84+94 —494+563 — 573 +43.7

“LnFeO5 = } LnsFesO,, + L Ln,O5: AH3[2] and AS5[2]. LnsFesO,,
— 3 LnFeOs + Fe,05: AH3[4] and AS5[4].

respectively. They were mixed in stoichiometric ratios for
perovskites or garnets using an agate mortar and ethanol.
The mixtures for LnAlO; perovskites (Ln = La, Nd, Sm, Eu,
Gd, Dy) were pressed into disks and heated at 1473 K for
1 day in alumina crucibles. The products were ground and
examined by powder X-ray diffractometry using CuKo
radiation. Reaction was incomplete so the samples were
reground with ethanol, pressed, and heated at 1573 K for
1 day. These grinding and heating procedures were repeated
with increasing heating temperature at 100 K intervals until
the complete reaction was seen. This step-by-step heating
was effective to avoid partial melting. Pure LnAlO5 perov-
skites (Ln = La, Nd, Sm, Eu, Gd, Dy) were obtained after
heating runs at 1773 K. The other samples were prepared
similarly with heating runs at 1473, 1573, 1673, and 1973 K
for YAIO; perovskite, 1773 and 1873 K for Ln;AlsO4,
garnets (Ln = Dy, Ho, Er, Tm, Yb, Lu), 1773, 1873, and
1973 K for Y3Al50,, garnet, 1473, 1573, and 1673 K twice
for LaGaO; and NdGaOj; perovskites, and one heating run
at 1673 K for Ln;Gas;Oq, garnets (Ln = Sm, Eu, Gd, Dy,
Ho, Er, Tm, Yb, Lu, Y). Small amounts of Y,O; and
a-Al, O3 (<5%) were detected in the YAIO; specimen by
powder X-ray diffractometry even after heating at 1973 K.
No impurities, such as starting compounds and/or possible
coexisting phases, were detected in any other specimen.
a-Al,O5 and -Ga,O5 were heated respectively at 1773 and
1473 K for 24h and were ground before calorimetry.
Quartz was dried at 573 K before mixture preparation as
described next for calorimetry.

Solution Calorimetry

The high-temperature twin Calvet-type solution calori-
meter and the technique used have been described elsewhere
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(23, 24). The specimen (8-25 mg) in a platinum sample folder
and 30.0 g of 2PbO - B,0O; solvent in a platinum crucible
were kept for 816 h in the calorimeter at 977 K. The speci-
men was then dissolved into the molten solvent by several
stirrings. After each dissolution run, a reference run with an
identical stirring procedure was done to measure the stirring
effect. After the experiment, the sample holder was checked
by optical microscopy to confirm that all the specimen had
been dissolved. Any sample dissolved completely within
45 min as described below. The heats of solution for the
specimen were calculated after subtracting the stirring
effect. Calibration was achieved by dropping small pieces of
platinum into the calorimeters (23).

Rare earth containing oxides are difficult to dissolve in
molten lead borate. They react slowly and tend to saturate
the melt locally and possibly form borate precipitates (34).
Indeed, preliminary experiments showed that none of the
binary oxides dissolved completely within 50 min, leading
to drawn-out calorimetric cures. The stirring-effect runs also
showed large endothermic heat effects, indicating likely slow
dissolution during additional stirring. Optical microscopy
showed remaining undissolved sample.

To overcome this problem, we prepared a mechanical
mixture of the binary oxide and quartz using an agate

mortar. As quartz dissolves rapidly, we expected that the
rare earth binary oxides would be dispersed in the solvent
and precipitate formation would be suppressed. This
method was successful. The molar ratios were determined to
be LnMOj: SiO, =1:3 and LnysMs0,,:510, =1:6 by
several trials. All of the mixtures dissolved completely with-
in 40—45 min. Because the heat of solution of SiO, (quartz)
is small in magnitude (—4.18 + 0.10 kJmol '), the admix-
ture introduced only a small additional heat effect.

To make certain no reaction occurred between the rare
earth compound and quartz prior to dissolution, all of the
mixtures were kept at 977 K for 24 h and were checked by
powder X-ray diffractometry. No reaction was detected.
The heats of solution for the binary oxides were calculated
by subtracting the heat effect due to quartz from those of the
mixtures.

RESULTS

Enthalpies of solution, AH(X), in 2PbO-B,05 at 977 K
and enthalpies of formation, AH{(X), from monoxides at
977K for binary rare earth oxide phases, X, are given in
Table 4. The AH(Ln,O3;) were taken from Ref. (34).
AH((LnAlO3) and + AH (Ln;AlsO,,) + + AH (Ln,O3) and

TABLE 4
Enthalpy of Solution (AH,) in 2PbO - B,0; at 977 K for Oxides and Enthalpy of Formation (AH;) from Monoxides at 977 K
for Perovskites and Garnets”

Compound AH, (kJ mol™ 1) AH; (kJ mol™1) Compound AH, (kJ mol ™ 1) AH; (kJ mol™ 1)
LaAlO, 16.64 + 1.19 (4) — 6317 +2.52 LaGaOs, 6.08 + 1.83 (5) — 50.86 + 2.92
NdAIO; 15.28 +2.88 (7) —41.36 + 3.44 NdGaO; 496 +292(5) —29.29 + 3.51
SmAIO, 1432 + 2.52 (5) —37.55+326
EuAlO; 12.79 + 2.50 (6) —30.52 £+ 2.60
GdAIO; 12.50 £+ 2.40 (4) —32.33 +£2.96
DyAlO; 1241 + 1.17 (11) —21.39 +1.35
YAIO, 9.24 + 1.72 (7) — 2362+ 1.83
Sm;Gas0;, 118.99 + 3.86 (6) — 146.99 + 7.83
Eu;Gas0,, 126.61 £+ 3.41 (4) — 138.11 +£4.90
Gd3GasO,, 129.26 + 3.53 (4) — 147.06 + 6.86
Dy;Al;O, 103.66 + 2.53 (13) —97.67 4343 Dy,GasO1» 134.71 + 330 (6) — 119.96 + 476
Y,ALLO,, 105.23 + 3.33 (6) — 115.44 + 4.00 Y;Gas0,, 132.10 + 2.34 (4) — 13355 + 4.09
Ho3Al504, 108.50 + 5.32 (6) —101.46 + 10.05 Ho;Gas04, 142.38 £+ 3.13 (8) — 126.58 +9.43
Er;Al;O, 107.60 + 7.10 (6) — 9666 + 7.69 Er;GasO,, 138.68 + 8.54 (4) ~ 11898 +9.38
Tm,ALO,, 108.89 + 1.79 (5) —97.20 + 4.80 TmsGasO, , 129.27 + 6.25 (4) — 108.82 + 8.08
Yb,Als0,, 104.12 + 3.56 (7) —81.03 +4.79 Yb,Gas0,, 126.41 + 4.41 (5) — 9456 + 601
Lu,AlsO,, 103.82 + 4.78 (10) —73.08 + 531 Lu,Gas0,, 125.53 + 3.17 (8) — 8603 + 4.67
Compound AH, (kJ mol™1) Compound AH, (kJ mol™1) Compound AH, (kJ mol™1)
2-ALO, 32.94 + 0.59 (9) B-Sm,0, — 794+ 4.1 C-Ho,0, —502+56
-Ga, 0, 36.44 + 1.17 (6) B-Eu,O, — 684+ 13 C-Er,0, — 476+ 17
S0, (quartz) — 418 +0.10 (8) C-Gd,0, 726+ 34 C-Tm,O — 471428
A-La,O, 1260 + 4.4 C-Dy,0, ~ 509+ 12 C-Yb,0, ~395+19
A-Nd,0; —851+3.7 C-Y,0; —61.7 £ 1.1 C-Lu,05 —3444+12

“ AH; for perovskites: 3 Ln,O3 + 1 Fe,O3 = LnFeO3. AH, for garnets: 3 Ln,O3 + 3 Fe,03 = LnzFesOy,. The errors are two standard deviations of the
mean. The numbers in parentheses are the numbers of experiments. Data for Ln,O; are from Ref. (34).
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corresponding data for the Ga system are plotted in Figs. 1
and 2, respectively, as functions of inverse ionic radius (35)
of eight-coordinated Ln**, r~'. The data +AH,(Ln;Gas
O;,) + tAH,(Ln,0;) in Fig. 2 are fitted as a parabolic
function of r . The other three sets of data in Figs. 1 and
2 are fitted as linear functions of r~*. AH,(Ln;AlsO,,) and
3AH (LnAlO3) + AH (x-Al,O3) are plotted against r~ ! in
Fig. 3. They are fitted as parabolic functions of r~ ! and
shown as solid lines in Fig. 3. A dashed line in Fig. 3 is the
tangent of AH (Ln;AlsO;,) at Ln = Dy. AH,(Ln;GasO,)
and 3AH (LnGaO;) + AH (-Ga,03) are plotted against
r~'in Fig. 4 and are fitted as parabolic and linear functions
of ™1, respectively. A dashed line with positive slope in
Fig. 4 is the tangent of AH (Ln;GasO,) at Ln = Sm.
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DISCUSSION
AH and TAS Terms for Reaction [4]

AH((LnAlOj3) becomes less positive as ! increases and
becomes negative relative to +AH (Ln;AlsO,,) ++AH,
(Ln,Os) if r~ ! is larger than that of Dy** or Y** (Fig. 1).
This means that LnAlO; perovskites become less stable
with increasing r~* at 977 K and that LnAlO; (Ln = La—
Dy, Y) perovskites withstand disproportionation [4] to
garnet plus sesquioxide at 977K, whereas LnAlO;
(Ln = Ho—Lu) perovskites do not. This is consistent with
the fact that LnAlO; (Ln = La-Dy, Y) perovskites can be
prepared at ambient pressure (Table 1) whereas high pres-
sure is necessary to obtain LnAlO; (Ln = Ho—Lu) perov-
skites (17). The TAS term as well as the AH term controls
reaction [4] at a given pressure; however, the AH term alone
is enough to explain the above-mentioned fact. The stability
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(A) as functions of r~ 1.
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of LnAlO; against reaction [4] is controlled by the AH
term rather than by the TAS term. The stability of
LnAlOj; is controlled by reaction [5] rather than by [4].
The value of + AH, (Ln3AlsO,) + 5 AH (LnyAl,Oy) should
be between AH(LnAlO;) and 1AH (Ln;AlsO;,) +
+AH((Ln,O,).

A similar conclusion holds for the stability of LnGaO;
against reaction [4]. AH (LnGaQOj3) becomes less positive
with increasing #~! and is more negative than +AH,
(Ln3GasO;,) + 2 AH(Ln,O3) if ¥~ ! is larger than that of
Nd*"* (Fig. 2). This is consistent with the fact that LnGaO,
(Ln = La—Nd) perovskites can be prepared at ambient pres-
sure (Table 1) whereas high pressure is necessary to obtain
LnGaO; (Ln = Sm-Lu, Y) perovskites (18, 19). Hence, the
AH term alone is enough to explain the above fact. The
stability of LnGaQ; against reaction [4] is controlled by the
AH term rather than by the TAS term.

AS should be determined experimentally to confirm the
foregoing discussion quantitatively. AS can be determined,
for example, by measuring specific heats of the perovskites,
garnets, Ln,O5 phases, and M,0; phases. Corresponding
data for Ln,O5; and M,0; phases are compiled in Ref. 22.
At least, the present work indicates qualitatively that the
stability of the perovskites against reaction [4] is controlled
by the AH term rather than by the TAS term.

PAV Terms for Reaction [4]

Ln,0O5 phases crystallize in A-type (Ln = La—Nd), B-type
(Ln = Sm, Eu), and C-type (Ln = Gd-Lu, Y) structures at
ambient pressure. The molar volume of Ln,O5 increases
upon transitions from A to B type and from B to C type
(Table 5). Therefore, Ln,O3 has a tendency to transform
from C to B type and from B to A type under pressure.
C-Ln,O;3 (Ln = Gd-Lu, Y) phases transform to B type at
2.5-4.0 MPa and at 1178-1293 K. B-Ln,0O; (Ln = Gd-Lu,
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Y) phases are quenchable to ambient pressure and room
temperature (36). B-Sm,O3 transforms to A type at 3 GPa
and at room temperature, but A-Sm,O; reverts to B type
when pressure is released (37).

Here we discuss the PAV terms for reaction [4]. AH and
AV values for reaction [4] are shown in Table 6. AH data at
977 K are obtained from the fitted lines in Figs. 1 and 2. AV
values are derived from the values shown in Table 5 and are
assumed to be independent of pressure. Figures 5 and 6
show the pressure dependence of AG at 977 K for the
reactions LnAlO; = £ Ln;AlsO4, + £ Ln,05 and LnGaO,

=1Ln;GasO,, + £ Ln,O;, respectively. The enthalpies of
transitions among A-, B-, and C-Ln,0Oj; are expected to be
small (34), for example, about 3 kJ mol™! for B to C in
Sm,O; (22). The magnitude, 3 kJ mol !, does not seem to
seriously affect the energetics of reaction [4]. Without de-
tailed study for other systems, the enthalpies of transitions
are neglected in this discussion. Figure 5 indicates that all of
the LnAlO; perovskites (Ln = Ho—Lu), which cannot be
synthesized by conventional solid-state reactions at ambient
pressure, are stable against reaction [4] at 977 K if a pres-
sure of 1.3-1.4 GPa or higher is applied. Ln,O5; oxides
(Ln = Dy-Lu, Y) below 1.4 GPa and at 977 K should be
C type (36). This is consistent with the result of Dernier et al.
(17). They synthesized LnAlO5 perovskites (Ln = Ho—Lu)
at 3.25 GPaand 1473 + 10 K (17). Figure 6 shows that all of
the LnGaOj; perovskites (Ln = Sm—Lu, Y), which cannot be
obtained by solid-state reactions at ambient pressure, are
stable against reaction [4] at 977 K if a pressure of about
4.6-5.6 GPa or higher is applied. Specifically, about 1 GPa
is enough to prevent reaction [4] at 977 K for SmGaOs.
Sm,0; at around 1 GPa and at 977 K maintains the B form
(37). Ln,O5 (Ln = Eu-Lu, Y) phases at around 5-6 GPa
and at 977 K crystallize in B or C type (36), This is consis-
tent with the result of Marezio et al. (18, 19). They syn-
thesized LnGaO; perovskites (Ln = Sm-Lu, Y) at 7 GPa

TABLE 5
Volume per Unit Formula (A3 (unit formula)™") for Oxides®

Ln A-Ln,Os5 B-Ln,0;4 C-Ln,04 LnAlO; Ln;AlsO, LnGaO; Ln;GasOq,
La 82.300243 90.829048 54.4655%° 58.72591°
Nd 76.207445 85.01574° 52.8028°1 57.56491° 244.4924°7
Sm 74.79964¢ 81.5423%° 52.3041°! 56.6805'° 240.1779%8
Eu 73.433845 80.235251 51995817 56.40971° 238.3857°°
Gd 72.072247 79.016752 51.8227%7 222.1596%° 56.03321° 237.34347°
Dy 69.885043 75.8163%3 51.169017 217.7869°3 55.21661° 233.00577%
Y 68.30054° 74.522854 50.851002 216.0000%° 54.807818 231.4755%°
Ho 68.455843 74.6536%3 50.841617 216.0000°4 54.7175%° 231.532172
Er 67.5456%° 73.34845°¢ 50.530817 213.9545%% 54.45171° 230.064773
Tm 66.41094° 72.1038%7 50.240017 213.6863°° 54.05541° 228.547474
Yb 65202143 71.0366°8 49.9622'7 212.29543° 53.73341° 227.20433%°
Lu 64.557743 70.1014%° 49.636517 210.9637%° 53.43561° 226.3119%°

o-Al,O3 42420773 a-Ga,0; 48.13357°¢ p-Ga,03 52.376177

“Superscripts show reference numbers.
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TABLE 6
AH" at 977 K, AS?, and AV of Disproportionation of Perovskites
and Garnets®

AH AV(A) AV (B) AV(C)

Perovskite (kImol™!) (cm®*mol™!) (cm®*mol™?!) (cm3*mol™ 1)

DyAlO; —1.271 3.8333 4.5477

YAIO; —0.264 3.6187 4.3682

HoAlO; 0.245 3.6429 4.3894

ErAlO; 1.667 3.4742 4.1730

TmAIO; 2.987 3.4804 4.1661

YbAIO; 4.198 3.3347 4.0375

LuAlO; 5.293 3.2932 3.9608

NdGaO; —2.870 3.9594 5.0204

SmGaO; 4.016 3.8027 4.6148

EuGaO, 6.619 3.5856 4.4047

GdGaO; 8.962 3.5230 4.3594

DyGaO; 12.780 3.2286 3.9429

YGaO; 13.698 3.0997 3.8492

HoGaO; 14.108 3.1795 3.9260

ErGaO; 15.060 3.0533 3.7522

TmGaO; 15.688 29729 3.6586

YbGaO; 16.049 2.8594 3.5622

LuGaO; 16.198 2.8533 3.5209
AH AS AV (2) AV (p)

Garnet (kJmol™") (JK 'mol™!) (cm®*mol™!) (cm?®mol 1)

La;AlO,,  —21.226 14.21

Nd;Al:O,, — 2198 1421

Sm;ALO; 5 10.978 14.21

Eu;ALO,, 17.208 14.21

Gd;Als04, 23.779 14.21 — 14.6157

Dy,Al;0;5 38.383 1421 —13.1638

Y;Al;04, 42.623 14.21 — 12.6621

Ho3Al:O,, 44.450 1421 — 12,6784

Er;AlsO4, 48.417 14.21 — 12.0081

Tm;Al;04, 50.608 14.21 — 12.3725

Yb3Al50,, 51.355 14.21 —12.0370

Lu;ALO,, 50.990 1421 — 11.8245

La;GasOq,

Nd;GasO, 50.655 142508  — 11.6956

Sm;GasO;, 69.636 — 13.2499 —10.6947

EuGasO,, 77.378 — 126603  —10.1051

Gd;Gas0,, 83.626 —12.7133 — 10.1581

Dy,GasO;, 91.155 — 115758  —9.0206

Y;Gas0,, 92.009 —11.3933 — 8.8381

Ho,Gas0, 92.158 — 115896  —9.0344

Er;Gas0;, 91.569 — 11.1867 — 8.6315

Tm;GasO,, 89.697 109898  —8.4346

Yb3;GasOq, 86.857 —10.7628 — 8.2076

Lu,GasO,, 83.364 — 107622  —82070

“Derived from the fitting lines shown in Figs. 1-4.

b See text.

¢ Perovskites: LtMO; = ! LnyM 5O, + L(A-, B-, or C-) Ln,O3. Garnets:
LnsMsO,, = 3LnMO; + (a- or f-)M,0s.

and 1273 K or at 4.5 GPa and 1273 K. The disproportiona-
tion reaction [4] is controlled almost by the AH and PAV
terms. Contribution of the TAS term to reaction [4] is small.
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FIG. 5. AG versus pressure at 977 K for the reaction LnAlO; =
L LnsAlsOq, + 1 C-Ln,0s5.

AH and TAS Terms for Reaction [6]

If we try to prepare Ln;AlsO;, from a stoichiometric
mixture of monoxides by conventional methods at ambient
pressure, the product is Ln;AlsO4, garnet for Ln = Dy-Lu
and Y and is a 3LnAlO5 + «-Al,O3 mixture for the others
(Table 1). The enthalpy data shown in Fig. 5 are, at a glance,
in conflict with the data given in Table 1. Figure 5 indicates
that not only Ln;AlsO;, (Ln=Dy-Lu, Y) but also
EusAls0,, and Gd;Al;O,, garnets are stable against the
disproportionation reaction [6] at 977 K. The entropy term
explains why Ln;Al;O, (Ln = Eu, Gd) cannot be prepared
by conventional solid-state reaction. The garnets (Ln =
Dy-Lu, Y) are stable at 1873 K. Indeed, our garnet speci-
mens (Ln = Dy-Lu) are prepared at 1873 K and the
Y;Als04, one at 1973 K. On the other hand, Gd;Al;O;,
was synthesized by heating a stoichiometric, amorphous
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FIG. 6. AG versus pressure at 977 K for the reactions NdGaO; =
1Nd;Gas0,, + } A-Nd,O; (dotted line), LnGaO; = § Ln;GasO,, + L B-
Ln,O5 (dashed lines), and LnGaO; = ! Ln;GasOq, + £ C-Ln,O; (solid
lines).
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sample at 1573 K for 1 h in air followed by rapid quenching
(15). Gd;Al;0,, decomposed into 3GdAIO; + a-Al,O;
after being maintained at 1773 K for 24 h in air. Gd;Al504,
is a low-temperature state and the mixture 3GdAlO; + a-
Al,0j5 is a high-temperature state. The difference between
AH (Ln;Als04,) and 3AH (LnAlOj) + AH (2-Al,O3) in
Fig. 3 is attributable to the TAS term. The stability of
Ln;AlsO4, against reaction [6] is controlled by the TAS
term as well as by the AH term.

According to Shishido et al. (15), AG for reaction [6] with
Ln = Gd and M = Alis zero at a temperature between 1573
and 1773 K. Here we assume that AG is zero at 1673 K. AH
for reaction [6] with Ln = Gd and M = Al is estimated to
be 23.78 kI mol ™! by extrapolation lines shown in Fig. 3.
Consequently, AS*®73¥ for reaction [6] with Ln = Gd and
M = Alis 1421 J K~ ' mol ™. If we further assume that the
AS term is independent of both temperature and Ln ele-
ment, we can calculate the AG values as functions of temper-
ature (Fig. 7). The equilibrium temperatures, T, for Eq. [6]
are calculated to be 3000 (Ln =Y), 2701 (Ln = Dy), 1673
(Ln = Gd), 1211 (Ln = Eu), 773 (Ln = Sm), and —155K
(Ln =Nd). It is, thus, predicted that Eu;AlsO;, and
Sm;Al;O;, can be obtained if synthetic temperatures are
decreased, as in the case with Gd;Al;Oq,.

The corresponding Ga system shows a similar tendency.
If we try to prepare Ln;GasO,, from a stoichiometric
mixture of monoxides at ambient pressure, the product is
Ln;GasO4, garnet for Ln = Nd-Lu and Y and is 3 LnGa
O3 + p-Ga,0; for the others (Table 1). The corresponding
synthesis for LnGaOj results in 4 LnyMsO,, + 1 Ln,M,04
(Ln = Sm-Gd) (10) or + LnyMsO,, + +Ln,0; (Ln = Tb-
Lu). On the other hand, Geller et al. (16) prepared LnGaOs;
perovskites (Ln = Sm—Er) by quenching molten mixtures of
Ln,0; and Ga,0;. The molten state was kept at approxi-
mately 1923 K for SmGaO; and approximately 2273 K for
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FIG.7. AG versus temperature for the reaction Ln3;AlsO,, =
3LnAlO; + 0-Al,Os.
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ErGaOj; for about 10 min and then quenched. The LnGaO;
perovskites were obtained as a single phase except for
HoGaO; and ErGaOj;. These results suggest that Ln;Gas
O, , garnets are the lower temperature states and the corre-
sponding mixtures, 3 LnGaO; + -Ga,0, are the higher
temperature states. Indeed, there also is a difference between
AH((Ln;Gas0,,) and 3 AH(LnGaO3) + AH ($-Ga,03) in
Fig. 4. Figure 4 predicts that Ln;Gas;O;, garnets with
Ln = La—Pr would also be stable against reaction [6] at
977 K or below. The stability of Ln;GasO,, against reac-
tion [6] is controlled by the TAS term as well as by the AH
term.

PAV Terms for Reaction [6]

Here we discuss the PAV terms for reaction [6]. AH, AS,
and AV values for reaction [4] are shown in Table 6. AH
data at 977 K are obtained from the fitted lines in Figs. 3
and 4. AS values are estimated by the above discussion. AV
values are derived from the values shown in Table 5 and are
assumed to be independent of pressure. Figures 8 and 9
show the pressure dependence of AG at 977 K for the
reactions Ln;AlsO¢, = 3LnAlO; + Al,O; and Ln;Gas
O,, = 3LnGa0O; + Ga,0Os, respectively. Ambient-pressure
phase f-Ga,Oj; transforms to corundum-type «-Ga,O; at
44 GPa and 1273 K (38). The enthalpy of transition be-
tween a- and $-Ga,O; phases should be studied to analyze
the PAV terms for reaction [6]. However, the enthalpy of
transition is neglected in this discussion in analogy to the
enthalpy of transition among A-, B-, and C-Ln,0O;. Figures
8 and 9 indicate that, even if the TAS term is disregarded,
none of the Lny; M5O, phases is thermodynamically stable
against the disproportionation [6] at pressures of about
4.3 GPa or higher (M = Al) or about 8.2 GPa or higher
(M = Ga), respectively.
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FIG. 8. AG versus pressure at 977 K for the reaction Ln;Al;O,, =
3 LnAlO; + -AlL,O;.
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FIG. 9. AG versus pressure at 977 K for the reactions Ln;GasO,, =
3 LnGaO; + 0-Ga,03 (solid lines) and Nd;GasO,, = 3NdGaO; + f-
Ga,0; (dashed line).

Factors Controlling the AH, of Perovskites and Garnets

In both LnMO; perovskites and Lns;MsO;, garnets,
Ln—O distances change depending on Ln but M—O distan-
ces are almost independent of Ln (14, 39). In LnM O3 perov-
skites, the twelve Ln—O distances can be approximately
classified into two types, eight shorter and four longer. The
twelve O and Ln atoms form face centered cubic type
close-packed layers, if distortion is disregarded. The eight
O atoms with shorter bond lengths coordinate to the Ln
atom in a distorted bicapped trigonal prism. Energetic
terms might scale with a potential term, r~ !, but bond
lengths vary directly with ionic radius. The difference be-
tween the mean Ln—O distance of the shorter eight and that
of the longer four increases with increasing r~ ! (Table 7,
Fig. 10) (14). Consequently, the distortion of the Ln coord-
ination polyhedra increases markedly with increasing
r~! (14). In LnyMsO,, garnets, Ln atoms are coordinated
by eight O atoms in a distorted CsCl-type coordination
(Fig. 11). The eight Ln—O distances consist of two types,
four shorter and four longer, though the eight O atoms are
crystallographically equivalent. Both types of Ln—O distan-
ces decrease with increasing r~ ! (Table 7, Fig. 10) (39).
Therefore, the distortion of the Ln coordination polyhedra
in the garnets does not change as a function of r !, but the
corresponding distortion in the perovskites does.

AH,(LnMO3) decreases linearly with increasing r~! in
both the Al and Ga systems (Figs. 1 and 2). The AH (Ln;
MsO,,) versus r~ ! curves are concave upward and show
positive peaks at around Ln = Er for the Al system and at
around Ln =Y for the Ga system (Figs. 3 and 4). The slope
for AH,(LnMO3) versus v~ ! is larger than both positive and
negative slopes for AH,(Lnz;M 5O ,) versus 1, if the slopes
are normalized per mole of oxygen atom. These features
reflect the extent of the distortion of the Ln coordination
polyhedra. The distortion is large in perovskites and small
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TABLE 7
Mean Ln—O Distances (A) in Perovskites and Garnets*
Ln Ln-0O4, Ln—Oggnore  LN—Oyiong Ln—Ogpory  Ln—Oygng
LnAlO; Ln;AlsOq,
Nd 2.660°! 2.59156! 2.797°1
Sm 2.6575%1 2.499561 297356
Gd 2.335%° 2.4583%°
Y 2.655282 2401182 3.163382 2.3033° 243239
Er 2.29865 2.428%%
Yb 2.2833° 2.3973°
Lu 2.2763° 2.3833%°
LnGaO; Ln;GasOq,
Gd 2.756483 2.464683 3.34083 2.35970 2.4737°
Tb 2.36481 2.45581
Y 2.3383° 2.4283%°
Yb 2.3023° 2.4073°
Lu 2.3033° 2.3933%°
LnFeOs; Ln3FesOq,
La 2.798284 2.604984 3.184884
Pr 2.789914 2.54461% 3.28051
Nd 2.789814 2.5266'% 3.3160'4
Sm 2.785314 2.492914 3.370014 2.3943° 2.4893°
Eu 2.783314 2.4788'% 3.392514
Gd 2.782014 2467514 3.4110% 23878 24778
Tb 2.77564 2.4535' 3.419814 2.3687° 2.4627°
Dy 2.77274 2441514 3.435014 2.3603° 2.4393°
Y 2.77108% 2.43088%° 3451585 2.3578° 2.4368°
Ho 2.768114 2430614 3.44301
Er 2.76574 2.4210'% 3.455014
Tm 2.763614 2.41401% 3.462814
Yb 2758714 2.4023'4 347154 2.335%° 2.417%°
Lu 2.754814 2.395314 3.473814 2.3193° 2.3853°
Lu 2.3263° 2.385%°

“Superscripts show reference numbers.

in garnets. The positive peaks of AH(Lnz;MsO;,) indicate
that there is an optimum ionic radius of Ln** for Al and Ga
garnets. The eight O atoms surrounding a Ln®* form a dis-
torted cube. Among the twelve edges of the cube, four are
shared by another LnO polyhedron, four by M O octahedra,
and two by MO tetrahedra. The location of the three types
of shared edges shows a C, rotation axis (Fig. 11). There
should be strong interaction among the lengths of the three
types of edges. Consequently, there should be an optimum
size of Ln®* to share the edges with MO octahedra, MO
tetrahedra, and LnO polyhedra. This probably causes the
positive peaks of AH (Ln;MsOy,). Indeed, AI** is smaller
than Ga*"*, and the optimum Ln** is smaller for Al garnet
(BEr**) and larger for Ga garnet (Y*") (Figs. 3 and 4). A
similar discussion has been applied to the Fe garnets by
Kimizuka et al. (21). Their calculation of Madelung energies
indicated that Tb®" has the optimum radius in the Fe
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FIG. 10. Mean Ln-O distances as functions of r. Closed circles and
closed triangles indicate the shorter Ln—O and the longer Ln—O distances
in garnets, respectively. Open circles, open triangles, and open squares
show the mean Ln—O distance of the longer four Ln—O distances, the mean
Ln—O distance of the shorter eight Ln—O distances, and the mean Ln—O
distance of the twelve Ln—O distances in perovskites, respectively. Upper,
middle, and lower figures represent Fe, Ga, and Al systems, respectively.

garnets (21). Fe** and Tb** are larger than Ga®>* and Y3,
respectively (35). From this point of view, the calculation of
Kimizuka et al. and our results are consistent. The AH, of
the perovskites and the garnets is controlled mainly by the
distortion of the LnO polyhedra.

FIG. 11. Schematic illustration of the distorted CsCl-type coordina-
tion of Ln®" in garnets. O atoms are located at the corners and the Ln®* in
the center of the distorted cube. Solid, dashed, and dotted lines indicate the
shared edges with another LnO coordination polyhedron, MO octahedra,
and MO tetrahedra, respectively.
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Factors Controlling the AS of Reaction [6]

Reaction [6] shows positive AS and negative AV; there-
fore, the boundary between Ln;MsO,, and 3LnMO; +
M 03 has a negative slope in the P-T diagram (Fig. 12). Ln
cations are eight-coordinated, two-fifths of M cations are
six-coordinated, and the other M ions are four-coordinated
in LnsMs04,. In LnMO3, the Ln cations are between
twelve- and eight-coordinated, depending on the distortion,
and the M cations are six-coordinated. The M cations in
oa-M,Oj are six-coordinated. In $-Ga,O3, half the Ga ca-
tions are six-coordinated and the other half, four coor-
dinated. Consequently, the mean coordination numbers of
both Ln** and M** increase by the disproportionation
reaction [6]. The reaction also elongates both the mean
Ln—O distance and the mean M—-O distance. The mean
Ln—0O distance of the shorter eight Ln—O bonds in LnMO;
is almost equal to the longer Ln—O distance in LnzMsO4,
and is shorter than the shorter Ln—O distance in LnsM O,
(Fig. 10). Therefore, the mean Ln—O distance increases in
reaction [6] even if the coordination number of Ln** in
LnMO; is regarded as eight. Both the increase in coordina-
tion number and elongation in bond distance result in
a positive AS (40, 41). The perovskite-forming reactions
have a negative AV, despite an increase in local coordina-
tion number and bond length. More efficient overall pack-
ing decreases the volume. Though the decrease in volume
would tend to decrease the entropy, the weaker Ln—-O
bonds result in an increase in entropy which more than
compensates, and the overall AS of perovskite-forming reac-
tions are generally positive (40) as has been seen for CdTiO;
and CdSnOj; perovskites (42) and for MgSiO; perovskite
(43). An analogous tendency has been reported for molten
states of aluminosilicates (44). The viscosity of aluminosili-
cate melts decreases with increasing pressure, which is ac-
companied by both an increasing coordination number of

P/GPa
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FIG. 12. P-T boundaries between Ln3AlsO;,
3 LnAlO; + -Al,O5 (upper right).
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Al and a weakening of the Al-O bond strength. Negative
AV values for reaction [6] are achieved by not only an
increase in coordination number but also an increase in
bond distance. This causes the negative slope in the P-T
diagram.

Formation Reactions [2] and [ 3]

Enthalpies of formation (AH;) of perovskites and garnets
from monoxides are shown as functions of »~ ! in Fig. 13 for
the Al system and in Fig. 14 for the Ga system, respectively.
AH; values of both Al and Ga perovskites become more
negative with increasing r . This tendency reflects both the
negative slope for AH (LnMOs3) versus ' and the positive
slope for AHy(Ln,Os3) versus r~'. The negative slope for the
former was discussed earlier. The positive slope for the latter
is caused by the strengthening of the ionic bond by shorten-
ing of the Ln—O distance from Ln = La to Ln = Lu. Corre-
sponding strengthening occurs in the shorter eight Ln—O
bonds in LnMO;. However, the strengthening is overcome
by the weakening of the ionic bond between Ln and the
distant four O atoms. The distances between Ln and the
more distant four O atoms increase with increasing !, as
described earlier.

The f orbitals in La** and Y** are vacant and those of
Gd3" are half-filled; therefore, the three Ln®* are free from
any crystal field stabilization but the other Ln*" are not.
The dashed line in Fig. 13 is fitted for the three LnAlO;
(Ln = La, Gd, Y). The positive deviation from the line for
the remaining LnAlO; perovskites may reflect the crystal
field stabilization of Ln** in Ln,05 (34).

AH; values of Ln;AlsO¢, (Ln =Dy-Er, Y) and Ln;
GasOy, (Ln = Sm—Gd) are almost constant and become
less negative with decreasing ionic radius of Ln** (Figs. 13
and 14). This tendency reflects both the positive peaks in
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AH(LnsMsO,,) versus r~ ' and the positive slope for
AH (Ln,O;) versus r~ ', as already discussed. AH(Ln;M s
O,,) versus r~ ! curves are concave downward, slightly, in
both Al and Ga systems. This suggests that the formation
reaction [ 3] is influenced by the deviation of the ionic radius
of Ln** from the optimum size for the garnet structure
rather than the crystal field stabilization of Ln** in Ln,O;.

Finally, we discuss the AS of the formation reactions [2]
and [3]. In both Al and Ga systems, the following two
relations hold:

Ln3M5012 = 3LnMO3 + M203 AS > 0 [9]

LnMO3 = %Ln:’,MsOlz + %anog, AS ~ 0. [10]

Negative entropies of formation of both the perovskites
and the garnets are deduced from [9] and [10] as follows:

%anog, +%M203 = Ln3M5012 AS < 0. [12]

On the basis of the “AH and TAS terms for reaction [6]”
section, AS values for [9] in the Al system are assumed to be
14.21 JK~*mol ™. Provided that AS values for [10] in the
Al system are zero, the following two relationships hold:

%Ll’l203 + %O{'Alzo:), = LnAlO3

AS = —7.11JK ' mol* [13]

%anog, + %OC'Alzog, = Ln3A15012

AS = —3553JK 'mol 1. [14]
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These negative AS values suggest that Ln,O3; phases
possess relatively large entropies.

CONCLUSION

High-temperature solution calorimetry using a 2PbO-
B,O; solvent at 977 K was performed for LnM O3 perov-
skites and Ln3Ms0O,, garnets (Ln = La—Lu, Y; M = Al,
Ga), a-Al,O3, and f-Ga,0;. The stability of LnMO;
against the disproportionation to garnet plus sesquioxide is
controlled almost entirely by AH and PAV but not by TAS.
On the contrary, the stability of Ln;AlsO, against dispro-
portionation to perovskites plus sesquioxide is controlled
not only by AH and PAV but also by TAS. The P-T
boundary between Ln;MsO,, and 3LnMO5; + M,O3 has
a negative slope. The positive AS and negative AV for the
disproportionation are caused by an increase in coordina-
tion number and an increase in bond distance. AH for
perovskite formation is mainly controlled by two factors,
the strengthening of the ionic bond in Ln,O; with decreas-
ing ionic radius of Ln**, and the weakening of the ionic
bond between Ln and the distant four O atoms in LnM O
with decreasing ionic radius of Ln**. AH of garnet forma-
tion is mainly controlled by two factors, the strengthening of
the ionic bond in Ln,O; with decreasing ionic radius of
Ln3*, and the deviation of the ionic radius of Ln® " from the
optimum size for the garnet structure. AS values of both
perovskite formation and garnet formation are deduced to
be negative, which suggests that Ln,O; phases possess
relatively large entropies.
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