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After establishing the phase equilibria in the systems Fe-Fe,O,-Ho,O, and Fe-Fe@-Tm,O, at 1150. 
1200, and 1250°C, the standard Gibbs free energies of formation of HoFe,O,, Ho,Fe,O,,. HoFeO,. 
TmFe,O,, Tm,Fe,O,,, TmFeO, have been determined on the basis of reactions among metallic iron. 
oxygen, and the respective lanthanoid sesquioxide. A new compound Tm,Fe,O, was found at 138OOC. The 
standard Gibbs free energies of formation of Gd,Fe,O,,, Tb,Fe,O,,, and Dy,Fe,O,, were also determined. 
On the basis of these new data together with our previous studies on phase equilibria in the Fe-Fe,O,- 
lanthanoid sesquioxide systems, we have been able to establish a phase diagram at high temperatures from 
900 to 14CKPC. The thermochemical relative stability in each type of compound, that is to say, LtzFeO, (La 
= La, Nd, Sm, Eu, Gd. Tb, Dy, Ho, Er. Tm, Yb, Lu, and Y), Ln,Fe,O,, (Ln = Sm. Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu, and Y), LnFe,O, (Ln = Ho, Er, Tm, Yb, Lu, and Y), and Ln,Fe,O, (Ln = Yb and Lu) 
was investigated by using the following standard Gibbs free energy changes of oxide-oxide reactions, 
fFe,O, + JLn,O, = LnFeO,, 3LnFe0, + Fe,O, = Ln,Fe,O,,, Fe0 + LnFeO, = LnFe,O,, and LtzFe,O, 

+ LnFeO, = Ln,Fe,O,. The results thus obtained were compared with those of the structural relative 
stability. 

Introduction Er, Tm, and Y),O, systems to the C type with 
three compounds LnFeO,, Ln,Fe,O,,, and 

Recently, phase equilibria in the Fe-Fe,O,- LnFe,O,, while the Fe-Fe,O,-(Yb and 
Ln,O, [Ln = La(l), Nd(2), Sm(2 and 3), Eu(2 Lu),O, systems belong to the D type with four 
and 4), Er(3), Yb(5), Lu(6), and Y(7)] systems compounds LnFeO,, Ln,Fe,O,,, LnFe,O,, 
have been established at 1200°C, and and Ln,Fe,O,. It is interesting that this 
Kimizuka and Katsura (5) have proposed that classification depends wholly on the size of 
these systems could be classified into four trivalent lanthanoid ions. Here, we show the 
groups with respect to the assemblage of the four typical phase diagrams in Fig. 1. 
ternary compounds. According to their pro- The crystal structure analyses of YbFe,O, 
posal, the Fe-Fe,O,-(La and Nd),O, systems and Yb,Fe,O, were performed by Kato et al. 
belong to the A type in which only one ternary (8, 9), and Kimizuka et al. (IO) assert that 
compound LnFeO, exists stably, the Fe- there are homologous compounds 
Fe,O,-(Sm, Eu, Gd, Tb, and Dy),O, systems (LnFeO,),FeO (n = 1, 2, 3, and 4) at high 
belong to the B type with two compounds temperatures. 
LnFeO, and Ln,Fe,O,,, the Fe-Fe,O,-(Ho, Katsura et al. (2) have studied some 
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FIG. 1. The four typical phase diagrams of Fe-Fe,O,-Ln,O, systems at 1200°C. P, perovskite (LnFeO,); G, 
garnet (Ln,Fe,O,,); M, magnetite (Fe,O,); W, wiistite (FeO); A, LnFe,O,; and B, Ln,Fe,O, 
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FIG. 2. The phase equilibria in the Fe-Fe,O,-Ho,O, system at 12OOOC. Numbers in the three solid fields mean the 
equilibrium oxygen partial pressure in terms of -log Po> (atm). Solid circles show the experimental results. 
Composition of each symbol is given in Table IIIa. 
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thermochemical properties of lanthanoid- 
iron-perovskite, LnFeO, (Ln = La, Nd, Sm, 
Eu, Gd, Tb, Dy, and Y) and pointed out that 
the standard Gibbs free energy of formation of 
LnFeO, at 1200” C from metallic iron, oxygen, 
and Ln,O, is proportional to the tolerance 
factor defined by Goldschmidt et al. (II). 
Tretyakov et al. (21-23) reported independen- 
tly the phase equilibria of Ce-Fe-O, Pr-Fe- 
0, and Eu-Fe-O systems at elevated tem- 
peratures. 

The objectives of the present study are (i) to 
establish experimentally the phase equilibria in 
the Fe-Fe,O,-Ho,O, and Fe-Fe,O,-Tm,O, 
systems at 1150, 1200, and 1250°C (ii) to 
determine the standard Gibbs free energies of 
formation of Ln,Fe,O,, (Ln = Gd, Tb, and 
Dy) from metallic iron, oxygen, and Ln,O, in 
order to complete the phase equilibria in the 
Fe-Fe,O,-(Gd, Tb, and Dy),O, systems, and 
(iii) to get the relationship between ther- 
mochemical and structural relative stabilities 
of LnFeO,, Ln,Fe,O,,, LnFe,O,, and 
Ln,Fe,O,. 

Experimental 

Guaranteed reagent grades of Fe,O,, 
Gd,O,, Tb,03, Dy,O,, Ho@,, Tm,O,, and 
Lu,O, powders were employed for all starting 
materials. Each lanthanoid sesquioxide has the 
purity of more than 99.9%. Starting samples 
with desired ratios of Ln,O,/Fe,O, were 
obtained by mixing them in an agate mortar 
under ethyl alcohol. Mixtures thus obtained 

were heated at 1200°C for 2-3 days in air. 
Apparatus and procedures to control oxy- 

gen partial pressures, the criterion for deter- 
mining the equilibrium state, the methods of 
both identification of the phases and chemical 
analysis of quenched samples, and the cal- 
culation method of the standard Gibbs free 
energy are just the same as those described 
in our previous papers (1-7). 

Results and Discussion 

(I) Phase Equilibria 

(a) The Fe-Fe,O,-Ho,O, system. Figure 
2 illustrates the phase equilibria in the 
Fe-Fe,O,-Ho,O, system at 1200°C. The 
following phases were stable under the 
present experimental conditions: Jh% 
hematite (Fe,O,), magnetite (Fe,O,), wiistite 
(FeO), metallic iron (y-Fe), holmium-iron- 
perovskite (HoFeO,), holmium-iron-garnet 
(Ho,Fe,O,,), and HoFe,O,. 

The Ho,O, phase was stable under oxygen 
partial pressures ranging from 1 to lo-r6 atm 
at 1200°C, and no significant nonstoichio- 
metry was found in its composition. The 
HoFeO, phase had a detectable deviation from 
its stoichiometric composition. As seen in Fig. 
2. the composition of the HoFeO, phase 
ranged from HoFeO,,,,, to HoFeO,,,,,. 
However, the lattice constants of the HoFeO, 
phase with the same structure as those of 
EuFeO,, SmFeO,, ErFeO,, and LuFeO, were 
almost identical irrespective of their variable 

TABLE1 

LATTICE CONSTANTS OF Ho-Fe-O COMPOUNDS SYNTHESIZED AT 12OOT 

Compound a 64 
Lattice constants 

b (A) c (4 v (A’) 

HoFeO,.,, 5.280 f 0.001 5.587 k 0.001 7.604 + 0.00 1 224.3 & 0.1 
5.278” 5.591” 7.602” 224.3” 

HoFeP,.m 3.519 -t 0.001 24.85 + 0.01 266.4 + 0.1 
HoFeP,.,,, 3.520 f 0.001 24.83 t 0.01 266.5 2 0.1 
Ho3Fe50,2.,o 12.378 f 0.001 1896.3 + 0. I 

12.375h 1895.1” 

(I After Eibschutz (19). 
h After Espinosa (15). 
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FIG. 3. (a) The phase equilibria in the Fe-Fe,O,-Ho,O, system at 125OOC. (b) The phase equilibria in the Fe- 
Fe,O,-Ho,O, system at 115O’C. 

compositions. The Ho,Fe,O,, phase had no pressures compared with any other phase of 
significant deviation from the stoichiometric LnFe,O, (Ln = Er, Tm, Yb, Lu, and Y). The 
composition. The HoFe,O, phase was stable compositional variation ranged from 
in the narrowest range of oxygen partial HoFe203.,2, (A 1 in Fig. 2) to HoFe,O,.,,, (A, 
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FIG. 4. The phase equilibria in the Fe-Fe,O,-Tm,O, system at 1200°C. Composition of each symbol is given in 
Table Mb. 

in Fig. 2). The lattice constants of the 
HoFe,O, phase are given in Table I as the 
hexagonal crystal system, together with those 
of HoFeO, and Ho,Fe,O,,. Figures 3a, b 
illustrate the phase equilibria in the same 
system at 1250 and 1 150°C, respectively. As 
seen in Fig. 3a, the phase equilibria at 1250°C 
are the same as those at 1200°C with respect 
to the phase assemblage, except for values of 
the equilibrium oxygen partial pressures. The 
composition of the HoFe,O, phase ranged 
from HoFe,O,,,, to HoFe,O,.,,,. 

On the other hand, the phase equilibria in 
this system at 1 150°C were essentially diffe- 
rent from those at 1200 and 1250°C. This is 
seen in Fig. 3b. The HoFe,O, phase disap- 
peared at 1150°C and therefore, the phase 
equilibria in the Fe-Fe,O,-Ho,O, system at 
1 150°C should be transformed to the B type 
as seen in Fig. 1. 

(b) The Fe-Fe,O,-Tm,O, system. Figure 4 
illustrates the phase equilibria in the Fe- 
Fe,O,-Tm,O, system at 1200°C. The follow- 
ing phases were stable under the present 

experimental conditions: Tmz03, hematite 
(Fe,O,), magnetite (Fe,O,), wiistite (FeO), 
metallic iron (y-Fe), thulium-iron-perovskite 
(TmFeO,), thulium-iron-garnet (Tm,Fe,O,J, 
and TmFe,O,. 

Thulium sesquioxide (Tm,O,) was stable 
under oxygen partial pressures from 1 to lo-i6 
atm at 1200°C, and there was no significant 
nonstoichiometry in its composition. Thulium- 
iron-perovskite (TmFeO,) had a range of 
nonstoichiometry as shown in Fig. 4. The 
lattice constants were, however, identical 
irrespective of its nonstoichiometry. The 
thulium-iron-garnet (Tm,Fe,O,,) also had a 
small but significant range of nonstoichio- 
metry. The TmFe,O, phase was stable under 
the low oxygen partial pressures ranging from 
1O-8.93 to 1O-1’.93 atm. The compositional 
variation of the TmFe,O, phase was deter- 
mined to be from TmFe,O,,,,, to TmFe,O, 8y6. 
The lattice constants of the TmFe,O, phase 
are given in Table II as the hexagonal crystal 
system, together with those of TmFeO, and 
Tm,Fe,O,, phases. As seen in Table II, it is 
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TABLE II 

LATTICE CONSTANTS OF Tm-Fe-O COMPOUNDS SYNTHESIZED AT 1200°C 

Compound 

TmFeO,.,, 

TmFe,%,, 
TmFeP3.924 
TmFe2%9,0 
TmWLooo 
TmFe,%,, 
Tm,Fe,O,” 
Tm3%O12.00 

a (4 

5.250 + 0.001 
5.2510 
3.480 & 0.001 
3.477 & 0.001 
3.474 f 0.001 
3.464 & 0.001 
3.462 & 0.001 
3.499 * 0.001 

12.323 f 0.001 
12.323” 

Lattice constants 
b (A) c (4 v (J.‘) 

5.571 f 0.001 7.579 & 0.001 221.6 i: 0.1 
5.576” 7.584“ 221.1” 

25.042 k 0.004 262.6 k 0.1 
25.037 & 0.003 262.1 & 0.1 
25.019 f 0.002 261.5 + 0.1 
25.057 & 0.005 260.3 + 0.1 
25.077 k 0.005 260.3 + 0.1 
28.410 & 0.004 301.2 & 0.1 

1871.2 i 0.1 
1871.3h 

u After Eibschutz (29). 
b After Espinosa (15). 
(‘Synthesized at 1380% 

interesting to note that the c value in the lattice 
constants of the TmFe,O, phase has a 
minimum value against its composition, and 
this was also the case in the LuFe,O, phase 
(6). 

The phase equilibria in the Fe-Fe,O,- 
Tm,O, system at 1200°C are somewhat 
different from those of the other systems 
belonging to the C type in the sense of 
coexisting phase relations. First, thulium ses- 
quioxide coexists with wilstite as shown in 
Fig. 4 and second, the TmFe,O, phase 
coexists with magnetite under oxygen partial 
pressures ranging from 10-9.14 to 1O-8.93 atm. 
These relations with respect to the coexisting 
phases are similar to the phase equilibria 
belonging to the D type, and thus the Fe- 
Fe,O,-Tm,O, system at 1200°C seems to be 
of transitional phase equilibria between C and 
D types. 

As seen in Fig. Sa, the phase equilibria in 
this system at 1250°C were the same in the 
picture as that at 1200°C. The composition of 
the TmFe,O, phase ranged from TmFe,O,.,,, 
to TmFe204.010 at 125OOC. Figure 5b illus- 
trates the phase equilibria in this system 
at 115OOC. The TmFe,O, phase had 
compositions between TmFe,O,,,,, and 

TmFe204.0033 and the Tm,O, phase was not in 
equilibrium with wiistite at 115O’C. 

It should be pointed out here that the phase 
equilibria in the Fe-Fe,O,-Llz,O, (Ln = Ho, 
Er, and Tm) systems at 12OOOC are gradually 
transformed to those of the D type in the 
sequence of the size of lanthanoid ions, and 
that the phase equilibria in the Fe-Fe,O,- 
Tm,O, system change their picture to those of 
the D type when we increase the temperature 
as shown in Figs. 4, 5a, and 5b. This may 
suggest that an unknown compound Tm,Fe,O, 
may become stable at higher temperatures 
than 1250°C. Under this consideration, we 
tried to obtain the Tm,Fe,O, compound, and 
finally we have synthesized it at 138OOC and 
at an oxygen partial pressure of 1O-7.48 atm 
(mixing ratio of CO,/H, = 5.41). The lattice 
constants of the new compound Tm,Fe,O, are 
given in Table II, and every X-ray diffraction 
peak could be indexed according to the same 
crystal system of Yb,Fe,O, or Lu,Fe,O, (9). 

(c) Miscellaneous phase equilibria in the 
Fe-Fe@-Ln,O, systems. To complete the 
thermochemical studies of the Fe-Fe,O,- 
Ln,O, (Ln = La, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu, and Y) systems, we deter- 
mined the oxygen partial pressures at which 
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FIG. 5 (a) The phase equilibria in the Fe-Fe,O,-Tm,O, system at 125O’C. (b) The phase equilibria in the Fe- 
Fe@-Tm,O, system at 1 150°C. 
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each garnet-type compound is in equilibrium 
with both perovskite and magnetite as written 
in the following equation: 

fFe,O, + 3LnFe0, + x 2 - ‘0 - Ln,Fe,O,, 

where Ln includes only Gd, Tb, and Dy. 
These three are the members of the B type, and 
thus these data are sufficient to construct the 
phase equilibria because Katsura et al. (2) 
have determined the equilibrium oxygen par- 
tial pressures of the decomposition reactions 
related to the perovskite-type compounds. At 
1200°C, the equilibrium oxygen partial pres- 
sures of the reaction for Gd, Tb, and Dy were 
determined to be 10-5.12, 10-5.83, and 10-5.53 
atm, respectively. In these three garnet-type 
compounds, only the Gd,Fe,O,, phase had a 
significant nonstoichiometry ranging from 
Gd,Fe,O,,,, to Gd,Fe,O,, 97, In addition, we 
established the phase equilibria in the Fe- 
Fe,O,-Lu,O, system at 1150 and 125OOC to 
compare these with the same system at 
1200°C (6). The phase equilibria in this 
system at 1150 and 125OOC were the same in 
diagram as that at 12OOOC. 

(d) Summary of phase relations for the Fe- 
Fe,O,-Ln,O, systems at high temperatures. It 
is correct that these systems at 1200°C are 
classified into four types based on the assem- 
bly of ternary compounds. However, as 
pointed out already in this paper, the 
classification depends greatly on temperature, 
and also, as found in the C and D types, each 
type of phase equilibria changes gradually its 
coexisting phase combinations. In connection 
with our studies, Tannieres (12) has studied 
the stability of LnFe,O, and LnFe,O, at 900 
and 1000°C. According to her study, it may 
be concluded that the Fe-Fe,O,-Tm,O, sys- 
tem at 1000°C, the Fe-Fe,O,-Yb,O, system 
at 900°C, and the Fe-Fe,O,-Lu,O, system at 
900°C may belong to the C type, and the Fe- 
Fe,O,-Lu,O, system at 1000°C may belong 
to the D type. Thus we can show conclusively 
the temperature dependence of each type at 
temperature intervals from 900 to 14OOOC as 
illustrated in Fig. 6. From Fig. 6, it will be 

l&t)- 

1200-o 0 

A-type 

lOOO- 

D-type 

1 
Lo Nd Sm Eu Gd Tb Dy Ho Er Tm Yb LU 

FIG. 6. Relationship between the phase assemblage 
and temperature in Fe-Fe,O,-Ln,O, systems. The 
experimentally established phase diagrams are shown as 
open circles. Low-temperature area of Tm, Yb, and Lu 
was deduced from Tannieres (12). 

recognized that the B and C types change to C 
and D types at elevated temperatures, respec- 
tively, that is, Ho belonging to the B type 
changes to the C type at 1 180°C, Tm which is 
a member of the C type at 1200°C changes to 
the D type at about 1350°C, and Lu belonging 
to the C type below 1000°C changes to the D 
type at higher temperatures. From this fact, it 
is suggestive to obtain an unknown compound 
Ln,Fe,O,, [(LnFeO,),FeOl and Ln,Fe,O,, 
[(LnFeO,),FeOl. Recently, Kimizuka et al. 
(IO) have succeeded in synthesizing 
Yb,Fe,O,, and Yb,Fe,O,, at 1650°C and in 
CO, atmosphere. 

(2) Calculation of the Gibbs Free Energy of 
Formation of Ternary Compounds from 
Ln203, Metallic Iron, and Oxygen 

The method of calculations has been 
described in the previous papers (l-7), and 
here we will merely present the results of 
calculations in cases for Ho and Tm. The key 
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4.5 - 

-o.lo - 0.05 0 

FIG. 7. Relationship between -f log Paz (atm) and 
NdNTmFe2,,4 at 1200°C. 

points for calculations are as follows: Each 
compositional change of the HoFe,O, and 
TmFe,O, phases is small, and we could obtain 
the activity change being approximately linear 
with its composition. As an example, Fig. 7 
shows the relationship between composition 
(in terms of NO/NTmFe o ) and -f log PO1 which 
makes it possible to’ialculate the TmFe,O, 
activity at 1200°C. The calculated activity 
values are summarized in Tables IIIa and IIIb, 
and the standard Gibbs free energy values for 
Ho-Fe-O and Tm-Fe-O compounds at 
1150, 1200, and 1250°C are given in Tables 
IVa and IVb, respectively. 

(3) Relative Stability of Compounds with the 
Same Crystal Structure 

Katsura et al. (2) have pointed out that the 
standard Gibbs free energy of formation of 
lanthanoid-iron-perovskite LnFeO, from 
Ln,O,, metallic iron, and oxygen changes 
proportionally with the tolerance factor 
defined by Goldschmidt et al. (11). 

In this paper, we will apply the oxide-oxide 
reactions which do not involve the term of 
oxygen partial pressure. 

(a) Perovskite-type compounds. We con- 
sider the standard Gibbs free energy change of 

the following reaction (l), dG” (l), 

iFe,O, + @n,O, = LnFeO,. (1) 

The standard Gibbs free energy of reaction 
(1) is easily calculated from the following 
reactions, (2) and (3): 

Fe + jLn,O, + $0, = LnFeO,, (2) 

2Fe + $0, = Fe,O,. (3) 

The standard Gibbs free energy ofi,formation 
of Fe,O, was cited from the JANAF Ther- 
mochemical Tables (13). dG” (1) values thus 
obtained are listed in Table Va. Figure 8 shows 
the relationship between AGO(l) and the 
tolerance factor of LnFeO, defined by 
Goldschmidt et al. (II) [tolerance factor t = 
(r,, + r0)/21’*(r,, -! *.,), where rLn, ro, and rre 
are ionic radii of Ln3+, O*-, and Fe3+, 
respectively]. As seen in Fig. 8, the standard 
Gibbs free energy of reaction (1) is approxi- 
mately proportional to the tolerance factor 
within the experimental errors, and the rela- 
tionship is independent of temperature from 
1150 to 1297°C. 

(b) Garnet-type compounds. The following 
chemical reaction (4) was investigated and the 
standard Gibbs free energy change, dG”(4), 
was obtained through reactions (5) and (6) 

3LnFe0, + Fe,O, = Ln,Fe,O,,, (4) 

3LnFe0, + $Fe,O, + @, = Ln,Fe,O,,, (5) 

#Fe,O, + 40, = Fe,O,. (6) 

The standard Gibbs free energy data of 
reaction (5), dG”(5), have been determined by 
this and the previous studies (l-7), and that of 
reaction (6), dG0(6), was cited from 
“JANAF” (13). The dG0(4) values thus 
determined have somewhat larger experimen- 
tal errors (+ 0.6 kcal) than those of LnFeO,. 

As seen in Table Vb, the most stable 
lanthanoid-iron-garnet exists around the mid- 
dle of the lanthanoid elements, and either 
lighter or heavier elements become more 
unstable thermochemically on the basis of the 
standard Gibbs free energy of reaction (4). 
Thus, it may be understandable that La- and 
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TABLE IVa 

THE STANDARD GIBBS FREE ENERGY VALUES FOR Ho-Fe-O COMPOUNDS 

-AC” (kcal) 

Reactions 115ooc 12oo~C 125ooc 
-__- 

(1) Fe + +Ho,O, + $0, = HoFeO, 61.6 + 0.1 60.5 t 0.2 59.2 It 0.2 
(2) Fe+jO,=FeO 40.7 + 0.1 40.2 5 0.1 39.7 + 0.1 
(3) 2Fe + fHo,O, + $0, = HoFe,O, - 100.9 f 0. I 99.3 It 0.1 
(4) jHoFe,O, + tHo,O, + #Do, = HoFeO, 10.0 & 0.1 9.6 + 0.1 
(5) Fe0 + HoFeO, = HoFe,O, - 0.15 f 0.05 0.44 & 0.05 
(6) 3FeO + $0, = Fe,O, 34.6 + 0.1 33.8 + 0.1 32.15 f 0.1 
(7) 3HoFe0, + fFe,O, + +O, = Ho,Fe,O,, 6.3 2 0.1 6.1 + 0.1 5.6 t 0.1 
(8) 5Fe + fHo,O, + 90, = Ho,Fe,O,, 295.1 f 0.7 290.5 & 0.8 284.4 t 0.8 

TABLE IVb 

THE STANDARD GIBBS FREE ENERGY VALUES FOR Tm-Fe-O COMPOUNDS 

-AGo (kcal) 

Reactions 115OQC 12ooYz 125OOC 
--______ ____-.- __-__ 

(1) 2Fe + +Tm,O, + p, = TmFe,O, 101.8 +_ 0.1 100.6 f 0.2 99.0 * 0.2 
(2) Fe+&=FeO 40.7 f 0.1 40.2 k 0.1 39.7 & 0.1 
(3) 2FeO + +Tm,O, + PO, = TmFe,O, - 20.1 f 0.1 19.7 + 0.1 
(4) FmFe,O, + iTm,O, + $0, = TmFeO, 8.85 +_ 0.05 8.44 & 0.05 8.02 f 0.05 
(5) TmFe,O, + #IO, = jFe,O, + TmFeO, 10.1 * 0.1 9.6 + 0.1 8.8 + 0.1 
(6) 3FeO + to, = Fe,O, 34.6 + 0.1 33.8 f 0.1 32.15 + 0.1 
(7) 3TmFe0, + $e,O, + #IO, = Tm,Fe,O,, 5.5 * 0.1 5.3 f 0.1 4.1 + 0.1 
(8) Fe + jTm,O, + PO, = TmFeO, 59.7 f 0.3 58.7 i 0.3 57.4 & 0.3 
(9) 5Fe + $Tm,O, + 90, = Tm,Fe,O,, 289.2 + 0.8 284.5 T 0.9 211.5 f 0.9 

Nd-iron-garnet are nonexisting compounds 
under the experimental conditions. 

On the other hand, Euler and Bruce (16) 
have studied the structural analyses of garnet- 
type compounds and determined the relation- 
ship between the geometrical distortions of 
tetra-, octa-, and dodecahedra of oxygen ions 
and the coordinates of oxygen ion in the 
crystal. According to their conclusions, the 
degree of distortion of polyhedra is the result 
of the compromise between the minimum 
distortion and the shortened shared edges of 
the polyhedra. Then, the crystal-chemical 
stability of the garnet structure was explained 
in terms of both cone angle u and azimuth 4, 
and these should be 54.74” and 0 in the most 
ideal structure, respectively. The values of u 
and # for the present lanthanoid-iron-garnet 

are cited in Table Vb. It may be seen from 
Table Vb that the values of u for the 
lanthanoid-iron-garnet deviate from 54.74” 
with decreasing ionic radius from Sm to Lu, 
but, on the contrary, the values of # approach 
zero with decreasing ionic radius. Thus, the 
contributions expected from both (I and $ are 
competitive. This may be in accord with the 
present thermochemical relative stability based 
on the standard Gibbs free energy of reaction 
(4). 

(c) LnFe,O, and Ln,Fe,O, compounds. We 
will consider reaction (7), 

Fe0 + LnFeO, = LnFe,O,. (7) 

Here, the standard free energy of formation of 
Fe0 is cited from the data by “JANAF” (13). 

The results are given in Table Vc. The 
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TABLE Vc 

THESTANDARDGIBBSFREEENERGYVALUESFOREQS. (7) AND@)RELATEDTO LnFe,O, AND Ln,Fe,O,(kcal/mole) 

115ooc 

LnFe,O, 

HoFe,O, 
ErFe,O, 
TmFe,O, 
YbFe,O, 
LuFe,O, 
YFe,O, 

-AGO (7’)” -AGO (7) 

- 
- - 

101.8 + 0.1 1.4 * 0.2 

101.4 + 0.2 2.3 f 0.2 

12oooc 1250°C 
_____ 
-AGO (7’) -AGo (7) -AC0 (7’)” -AC” (7) 

100.9 + 0.1 0.15 * 0.05 99.3 +_ 0.1 0.44 + 0.05 
100.8 * 0.1 0.86 + 0.05 
100.6 & 0.2 1.7 2 0.1 99.0 & 0.2 1.0 + 0.1 
100.4 & 0.2 2.0 f 0.2 
100.3 + 0.2 2.6 & 0.2 98.6 + 0.2 2.8 + 0.2 
100.6 + 0.1 0.54 i 0.05 

Ln,Fe,O, 

Yb,Fe,O, 
Lu,Fe,O, 

-AGO (8’)b -AGO (8) -AGO (8’)b -AGO (8) -AGO (8’)* -AGO (8) 

158.4 + 0.2 0.2 + 0.2 
160.2 + 0.2 0.3 k 0.2 158.2 f 0.2 0.3 + 0.2 155.0 * 0.2 0.3 * 0.2 

0 Related to the equation, 2Fe + jLn,O, + jOz = LnFe,O, (7’). 
b Related to the equation, 3Fe + Ln,O, + 20, = Ln,Fe,O, (8’). 

O------- 
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FIG. 8. Relationship between AGO(l) and the 
tolerance factor t. The line attached to each lanthanold 
element shows the range of the experimental errors. 

relationship between dGO(7) and 1000/T is -2 
illustrated in Fig. 9, where T means the 0.65 
absolute temperature. The slope of each 
compound which means the standard enthalpy 
of reaction (7) is positive. Figure 10 shows the 
relationship between dGO(7) and T. It is seen 
that the standard entropy change of reaction 
(7) is also positive. Thus, reaction (7) will 
occur more preferably at higher temperatures. 
This may be the case for Ho where HoFe,O, 
was synthesized above 1200°C, but not at 

FIG. 9. Relationship between AG0(7)/Tand lOOO/Tin 
LnFe,O, compounds. The lines mean the same as those 
in Fig. 8. 

1 150°C. Figure 11 shows the relationship 
between dG0(7) and the ionic radius of each 
lanthanoid ion from Shannon and Prewitt (14). 
As seen in Fig. 11, the dG0(7) values at 1200 
and at 1250°C are approximately proportio- 
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0. 
1150 1200 125oT 

r I 1 

---'A+- 
Ho 

I I 1 I 1 
1450 1500K 

FIG. 10. Relationship between dGO(7) and Tin tnFe,O, compounds. The lines mean the same as those in Fig. 8. 

FIG. 11. Relationship between d@(7) and the ionic radii of lanthanoids in LnFe,O, compounds at 1200 (solid line) 
and 125OW (broken line). Results at 1 150°C are also plotted by solid triangles. 

nal to the ionic radius. It is persuasive that the 
compound DyFe,O, will not be synthesized at 
1200°C because of its positive standard Gibbs 
free energy of reaction (7). 

For the series of Ln,Fe,O, compounds, 
reaction (8) will be chosen to describe the 
thermochemical relative stability, 

LnFe,O, + LnFeO, = Ln,Fe,O, 09 

where L.n includes Yb and Lu. The standard 

Gibbs free energy change of reaction (8), 
AGO(g), is easily calculated by using the data 
given in Tables IVa, b; Va, b, and c. The 
obtained results are given in Table Vc. 

Magnetic and Mossbauer studies, and the 
neutron diffraction analyses for 
(LnFeO,),FeO (n = 1, 2,3, and 4) have partly 
been performed by Sugihara et al. (I 7) and by 
Bertaut (18), respectively, but the detailed 
properties of these compounds are still open to 
question. 
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