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Thermochemical data on LnFeOj, LnJFeSOIZ, and (LnFeOS).FeO (n = 1 and 2) which are stable in the 
Ln203-FeO-FezOx systems at elevated temperatures are reevaluated and interpreted on the basis of a 
simple point charge ionic model (Ln: lanthanide elements and Y). As the radius of the Ln ion in each 
compound decreases, the LnFe03 compound (distorted perovskite type) becomes less stable, the 
LnSFe50j2 compound (garnet type) is the most stable for Ln = Tb, and the (LnFeOS).FeO compounds 
(layered structures) become more stable. The stability of each phase is strongly dependent upon the 
fitting of Ln ion in A-site position for the perovskite structure, in the dodecahedral site position for the 
garnet structure, and in the octahedral site positions for the layered structure compounds, respec- 
tively. 

It is qualitatively useful to estimate the Madelung energies of a series of isostructural phases on the 
basis of a simple point charge ionic model, especially as a guide for understanding a series of new 
phase diagrams which describe the isostructural phases. 

Introduction 

Since the lanthanide orthoferrites Ln 
Fe03 (Ln: lanthanide elements and Y, dis- 
torted perovskite structure), the lanthanide 
iron garnets Ln3Fe50j2 (garnet structure), 
and the (LnFeO&FeO (n = 1, 2, 3 . . .) 
with layered structures have magnetically 
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interesting properties, the crystal struc- 
tures of each compound have been thor- 
oughly investigated by many researchers. 
Geller and Wood ( Z), Geller (2), Coppens 
and Eibschiitz (3), Marezio et al. (4), and 
Marezio and Demier (5) reported the struc- 
tures of the LnFeOj and concluded that 
they are distorted perovskites (orthorhom- 
bit, space group Pbnm) in which the aver- 
age Fe-O bond lengths of the octahedron 
are nearly constant and the corner-linked 
octahedra are more tilted toward each 
other, as the Ln ion in the A-site position 
changes from La to Lu. Geller and Gilleo 
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(6), Euler and Bruce ( 7), Weidenborner 
(8), and Dukhovskya et al. (9) refined the 
crystal structures of the garnets Y3Fe50t2, 
Gd3FesOtz, Ln3Fe50i2 (LX Lu, Yb, Y, Cd, 
and Sm), and LnJFesOlz (Ln: Eu and Tb), 
respectively, showing the dependence of 
oxygen position parameters on the lan- 
thanide ion in the dodecahedral position. 
The cations Ln and Fe in the garnet are 
located in the special positions. The Fe-O 
bond lengths in the tetrahedra and the octa- 
hedra in the Ln3Fe501* garnets (cubic, 
space group Za34 depend slightly upon the 
constituent Ln cation. 

As to thermochemical studies of the Ln 
Fe03, Katsura et al. (1&z) reported the re- 
lationship between the standard free ener- 
gies of formation of LnFe03 (Ln: La-Dy) 
from Ln203, Fe, and 02, and the Gold- 
schmid’s tolerance factor. As the tolerance 
factor deviates from unity, the stability de- 
creases. Navrotsky (II) discussed the rela- 
tionship between the standard enthalpy of 
formation of perovskites AZ303 (A: Ba, St-, 
Ca, and Mg, B: Ti, Ge, Zr, Sn, and Hf) 
from the binary oxides at 298 K and the 
absolute value of (1 - t), where t is a toler- 
ance factor. As t deviates from unity, the 
stability drops off remarkably. Recently, 
our research group systematically estab- 
lished the phase diagrams of the Ln203- 
FeO-Fe203 systems at elevated tempera- 
tures under controlled oxygen partial 
pressures (IOa-g) and thermogravimetri- 
tally measured the standard free energy 
changes of LnFe03, Ln,Fe501z, and (Ln 
Fe03),Fe0 (n = 1 and 2) with new layered 
structures. These compounds were synthe- 
sized according to the following chemical 
reactions: 

Fe + fLn203 + $0, = LnFeOJ 

5Fe + jLn203 + YOo, = Ln3Fe501* 

2Fe + $Ln20J + jOz = LnFez04 

3Fe + Ln203 + 202 = Ln2Fe30,. 

Kato et al. (12u, b), Matsui et al. (12c), 
Kimizuka et al. (124, and Malaman et al. 
(12e, f) analyzed the crystal structures of 
YbFe204, YbzFe307, YbJFe4010, and Yb4 
Fe5013 and concluded that they are homol- 
ogous compounds with layered structures 
(YbFe204i Rjm, Yb2Fe307: P6Jmmc, Ybj 
FedOto: R3m, . . .). Geradin et al. (13) dis- 
cussed the relationship between the stabil- 
ity of the LnAB04 phases (A: trivalent 
cation, B: divalent cation) with layered 
structures, and its constituent cations. 
Studies on the physical properties such as 
magnetic, electrical transport phenomena, 
Mossbauer spectroscopies, and neutron 
diffraction analysis for the ( LnFe03),Fe0 
compounds are in progress by Siratori’s 
group (14). Kimizuka and Takayama estab- 
lished the phase diagrams of the Yb203- 
Fe20+VO systems and the Yb203-Ga203- 
MO systems in air at elevated temperatures 
and reported the existence of LnAM04 
compounds with a layered structure (A: Fe, 
Ga, and Al, M: Zn, Co., Cu, Mn, and Mg) 
(25). The catalytic activities of the LnFe03 
compounds have been characterized; their 
thermochemical stability under reduced at- 
mosphere is considered to be important for 
practical applications to sensor systems or 
to catalytic functions (16). In the present 
paper, we reevaluate the published thermo- 
chemical data of the phases in the LnzOj- 
FeO-Fe203 systems at elevated tempera- 
tures and discuss their thermochemical 
stabilities correlated with the size of the 
lanthanide element ion in each phase, based 
upon a simple point charge ionic model. 

Results and Discussion 

Reevaluations of the thermochemical 
data of the Ln203-FeO-Fe203 systems in a 
temperature range of 1000 and 1400°C were 
performed. The data at 1000 and 1100°C are 
mainly taken from two theses (27u, 6). 
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TABLE I 

GIBBSFREE ENERGY CHANGE OFTHE CHEMICALREACTION Fe + f LnzO, + $0, = LnFeO, 
(AG”(kcal/mole) 2 0.30) 

100°C 1100°C 

LnFeO3 (a) (a) IIWC 1200°C 1224°C I2SO"C 1275°C 1297°C 1347°C 1400°C 

LaFeOj 
PrFeOl 
NdFeOi 
SmFeO, 
EuFeOl 
GdFeO, 
TbFeO! 
DyFeO, 
HoFeO? 
ErFe03 
TmFeOi 
YbFeO3 
LuFeO? 
YFeO, 

-74.36 -71.29 
-72.35 -68.89 
-71.36 -68.51 
-70.38 -67.05 
-69.86 -66.34 
-69.51 -66.16 
-68.59 -65.12 
-67.98 -64.32 
-67.54 -63.70 
-67.10 -62.99 
-66.23 -62.06 

-61.40 
-60.65 

-68.91(C) 
-66.07(a) 
-65.68(c) 
-64.IW.s) 
-63.29(d) 
-63.14(c) 

-63.0%~) -61.78(a) 
-62.36(a) -61.20(a) 
-61,63(b) -60.46(b) 

-59.70(e) 
-59.74(b) -58.72(b) 

-58.17(fl 
-58.36(b) -57.52(b) 

-59.80(g) 

-67.48(c) -66.11(c) -63.39(c) 

-64.14(c) -62.81(c) -61.57(c) 
-62.64(c) -61.291~) 

-62.72(c) -6l.Wk) -60.56(c) 
-62.43(c) -61.69(c) -60.15(c) 
-61.47(c) -60.69(c) -59.56(c) 
-60.8Wc) -59.8%~) -58.67(c) 

-59.23(b) 

-57.41(b) 

-56.09(b) 

Nore. Refs. (a) 170. (b) 176. Cc) IOa, cdl IOe, (e) IOK, (0 IOd. (g) /Oc 

(A) Stability of the LnFe03 compounds 
(Ln: La-Lu and I’) 

In Table I, the free energy changes ac- 
companying the formations of the LnFe03 
phases are listed. Mizusaki et al. (18) re- 
ported decomposition atmospheres of oxy- 
gen of the LaFe03 phase (lOOO-1400°C) us- 
ing the C02-CO system as reducing 
atmosphere in a process for measuring elec- 
tric conductivity and Seebeck coefficient of 
LaFeO+ The results estimated from one of 
their figures are AH”(kcallmole) = - 119.4 
? 1.0, AS’(e.u.) = -32.7 -+ 1.0. Nakamura 
et al. (19) measured the same parameters of 
LnFe03 (Ln: La, Sm, and Dy) using the 
C02-Hz system at 1000 and 1200°C. Their 
results are as follows: AG”(1273 K) = 
-74.02 + 0.31 (kcal/mole), AG”(1473 K) = 
-68.91 + 0.31 (kcal/mole). Piekarczyk et 
al. (20) measured the dissociation oxygen 
partial pressures and the Gibbs free energy 
changes of the formation of YFe03 phase 
by means of a solid state galvanic cell in a 
temperature range of 900- 1250°C. Their 
results are AG”(kJ/mole) = -421.3 + 
114.8T ” 0.7 (1173 5 T 5 1523 (K)). At 
1200°C AG” = -60.3 * 0.2 (kcal/mole) is 

in good agreement with the present value 
(see Table I). Tretyacov et al. (21) also re- 
ported the emf of the LnFe03 (Ln: La, Pr, 
and Eu) in a temperature range of 950- 
1200°C and of YFe03 in a temperature 
range of 900-1100°C by means of a solid 
state galvanic cell method. Their results are 
LaFe03: AG” = - 110 - (-28.5)T, Dy 
Fe03: AG” = -115.5 - (-31.6)T, EuFe03: 
AG” = -108.3 - (-31.O)T, and YFe03: 
AG” = -102.0 - (-28.8)T. All these data 
indicate that -AG” decreases as the radius 
of the constituent Ln cation decreases. AH” 
and AS” were estimated from the depen- 
dence of the free energy change on temper- 
ature. They are listed in Table II. (The data 
for LnFe03 (Lx Tb, Dy, and Sm) which 
were already published in (1&z) are reeval- 
uated since the temperature range was ex- 
panded.) -AH” decreases with the decrease 
of the ionic radius of the Ln cation in the 
compounds; however AS” is actually con- 
stant. Schmalzried and Navrotsky (22) esti- 
mated the entropy change accompanying 
the oxygen production in the decomposi- 
tion of the oxide compounds. According to 
one of their conclusions, the entropy 
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TABLE II 

ENTHALPY CHANGE AND ENTROPY CHANGE: 

Fe + fLn203 + i02 = LnFe03 

LnFeO, AH”(kcaYmole) AS”(e.u.) 

LaFeO, 
F’rFeO, 
NdFeO, 
SmFeOg 
EuFeOx 
GdFeO, 
TbFeO, 
DyFeOS 
HoFe03 
ErFe03 
TmFeOj 
YbFeO, 
LuFeOS 
YFe03 

-109 f 3.0 
-110 ? 3.0 
-109 2 3.0 
-109 f 3.0 
-109 f 3.0 
-109 + 3.0 
-108 2 3.0 
-107 * 3.0 
-107 * 3.0 
-107 5 3.0 
-105 -t 3.0 
-104 f 3.0 
-103 f 3.0 

-27 k 1.0 
-30 + 1.0 
-29 f 1.0 
-30 * 1.0 
-31 2 1.0 
-31 t 1.0 
-31 f 1.0 
-31 + 1.0 
-32 f 1.0 
-32 * 1.0 
-31 2 1.0 
-31 k 1.0 
-31 ‘-’ 1.0 

change for the series of the present chemi- 
cal reactions should be 44 n (n = $ for the 
present case) = 33 (e.u.), which seems to 
be in good agreement with our results. 

Nakamura (23) calculated the Madelung 
energies of the AB03 compounds 
(perovskite type phase, A = La, Sm, and 
Dy; B = Mn and Fe) and the Ln20~ com- 
pounds, and concluded that the depen- 
dence of -AH” of formation of the pe- 
rovskites formed from the 15~~0~ and the 
Fe203, on the Ln ion is mainly attributable to 
the difference of Madelung energies of Ln 
FeOr and Ln203. Although Nakamura cal- 
culated the Madelung energies without us- 
ing the results of the crystal structure 
analyses for each compound, he success- 
fully showed a rather good consistency be- 

TABLE III 

MADELUNG ENERGIES OF Ln203, LnFeO,, and Ln,Fej0,2 (eV) 

hO3 Form Ref. fJ(Ln203)lmole LnFeOl Ref. U(LnFe03)/mole LndWh2 Ref. U(Ln3Fe~Ol~)/mole 

La203 A a -147.01 LaFeO, 

NJ3 A PrFeO, t 
- 163.76 
-165.06 

NW, A 
E 

- 150.84 NdFe03 h - 165.48 

Sm203 B -153.03 SmFeO3 h - 166.35 SmFeLh j -677.16 

Em01 
B” 

c -153.94 EuFeO] h - 166.73 Eu3Fe& k -677.91 
G&O, GdFeO, h - 166.99 GWe@l2 I -678.86 

WO, C 
-l-b03 B d -155.96 TbFeO, h -167.61 TWe& k -680.94 
TWJ 

D~203 : f -157.59 DyFeO, h - 167.97 Dyd%h2 j -682.89 

Ho201 C f - 158.46 HoFeO, h -168.44 Ho3FeLh 
En01 

: f 
-159.15 ErFeO, h - 168.74 Er3Fedh 

TmKh - 159.89 TmFeO, h - 169.01 TmdWh 
n203 c f - 160.89 YbFeO, h - 169.48 Yb3FesOo j -687.74 

Lu203 C LuFe03 h - 169.84 LwFeO2 j { 22: 

y203 C e - 158.37 YFeO3 i -168.34 YIF~OIZ j -684.08 

MADELUNG ENERGIES OF LnFe204, LnlFe,O,, FeO, Fe?04, and Fe203 (eV) 

Compound Ref. CJlmole 

YbFe20d n -214.15 
YFezOl Present work -212.24 
Fe0 m -46.72 
Fe& 0 -223.89 
a-Fea03 P - 178.80 
Yb2Fe307 q -381.57 

Note. References for stntctorea: (a) Mater. Res. Bull. 14, 303 (1979); (b) 1. Phys. Chem. 61,753 (1957); (c) Acra Crystallogr. 
Sect. B 35, 564 (1979); (d) Z. Anorg. Allg. Chem. 363, 1451 (1968); (e) Acta Crystnllogr. 19, 307 (1%5); (0 Prog. Sci. & Tech. 
Rare Earths, Vol. 2 (L. Eyting, Ed.), p. 312 (1966); (g) Mater. Res. Bull. 6, 23 (1971); (h) Acta Crystallogr. Sect. E 26, 2008 
(1970); (i)Acra Crystallogr. 19,524 (1965); (i) Acta Crystallogr. 19,971 (1965); (k) Izu. Akod. Nauk SSSR Neorg. Mater. 9,871 
(1973); (1) Acra Crystallogr. 14, 1051 (1961); (m) ASTM Card 6-0615; (n) 12(a); (0) ASTM Card 19-629; (p) ASTM Card 13-534, 
(4) 1% 
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FIG. 1. The Madelung energy (=(I) and the melting 
point (= T,,,) of Ln203 compounds 0: U; X: T,,,. 

tween the enthalpy change and the Made- 
lung energy difference. However, crys- 
tallographic transitions of LnFe03 oc- 
cur between elevated temperatures and 
room temperature (I, 24), and the elevated 
temperature forms are not quenched to 
room temperature. We considered that the 
effects of the crystal structural deforma- 
tions and the thermal change accompanying 
these phase transitions could not be so 
great. Using the results of each structural 
analysis at room temperature, we calcu- 
lated the Madelung energies of the LnFe03 
and the &03, which are listed in Table III. 
In the calculations, we used the following 
hypotheses: (i) a point charge model is 
used, (ii) repulsive terms of each compound 
are constant, (iii) the crystal structures at 
elevated temperatures are frozen in at room 
temperature, and (iv) the ionic states of the 
Ln, Fe, and 0 are Ln3+, Fe3+, and 02- in 
LnFe03 and Ln3Fe50r2, respectively. Using 
a general computer program developed for 
any space group, we obtained the results 
presented in Table III. Since oxide com- 
pounds are not typical examples of ionic 
compounds, we should consider the cova- 

lent character for the chemical bonds in the 
Lnz03 and the LnFe03 compounds. How- 
ever, in the case of the LnzO3 compounds, 
since (i) the dependence of the melting 
point on the Ln cation (see Fig. 1) (25) is 
consistent with the Madelung energies, and 
(ii) there are no great differences in the 
electronegativities (26~) of the lanthanide 
elements (e.g., Gordy and Thomas (26b) 
and Sanderson (26c)), we may consider 
that in a first approximation the bonding 
character does not significantly change 
from La203 (form A) to Lu203 (form C). In 
the case of the LnFe03 compounds, the 
correspondence between the Madelung en- 
ergy and the melting points may not be so 
simple (see Fig. 2) as for Ln203 (27). It may 
be concluded from the standpoint of melt- 
ing point measurement that the stability of 
LnFe03 crystals with larger Ln cation are 
much larger than expected from the Made- 
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a: v; x: T’,. 



70 KIMIZUKA ET AL. 

--170 

. l 

. 

-160 

u(ev) 

.-I50 l 

. 

. . 

. ’ ’ 
. l 

. l 

. l 
. 

U(LnFeOg 1 

. 
. . . 

. 
. 

. . 
U(Ln203) 

-6 

A u,kv) 

l *  l l *...O 

AU1 

CC Nd Sm Gd Oy Er 
l 6 

Yb 
La Pr Pm Eu Tb Ho Tm LL 

FIG. 3. Madelung energies of LnFe03, Ln203, and 
the Madelung energy difference (=A U,): U(LnFeOJ 
- [U(Ln203) x 1 + U(Fe20J x 11. 

lung energy calculation. However, since it 
is experimentally difficult to measure each 
melting point of LnFe03 compound under 
an ambient atmosphere, because of the par- 
tial reduction of Fe3+ to Fe*+ in each solid 
phase (27), there seems to be a serious am- 
biguity concerning the melting point mea- 
surements. Nielsen and Blank used the 
term “crystallographic temperature” in- 
stead of melting temperature. Actually, the 
LnFe03 phase with a smaller Ln cation is 
more oxygen deficient under normal pres- 
sure (27, 28). Marezio et al. (4, 5) reported 
that the Fe-O bond distances in the Ln 
Fe03 compounds as one proceeds from La 
Fe03 to LuFe03 actually do not alter fur- 
ther, and that the octahedra formed by the 
Fe-O linking to the other ones tilted further 
as the constituent Ln cation radius de- 
creases from La to Lu, in order to adjust to 
a smaller volume of A-site position. In 
other words, from the viewpoint of crystal- 
lographic studies, we can say that the Fe-O 

bonding character does not change from La 
to Lu and that the interaction between Ln3+ 
and the hypothetical charged octahedra oc- 
curs mainly through a coulombic interac- 
tion. Therefore, we concluded from Tables 
I and II and from Fig. 3 that the dependence 
of AG” (or AH”) upon the constituent Ln 
cation are mainly attributable to a Made- 
lung energy difference. 

(B) Stability of Ln3Fe2Fe3012 (Ln: Sm-Lu 
and Y) 

The Gibbs free energy changes accompa- 
nying the following chemical reaction 

3LnFe03 + fFe30d f QO, = Ln3Fe2Fe30i2 

is listed i% Table IV. Since the reaction rate 
of the above chemical reaction is very slow, 
the results of the measurement of the equi- 
librium oxygen partial pressure have larger 
experimental errors than those of the Ln 
Fe03 compounds. The reaction rate of the 
decomposition of each garnet becomes 
slower as the Ln ion radius in each com- 
pound is smaller. Therefore, we could not 
adopt the results of Lu3Fe2Fe30i2 and Yb3 
Fe2Fe30i2 at 1000°C. Using the above data 
and the A G” values of LnFe03, FeO, Fe304, 
and Fe203 (29), we present the AC” values 
of the chemical reaction (see Table V) 

5Fe + 2Ln203 + 90, = Ln3Fe2Fe30j2. 

From the temperature dependence of this 
reaction, AH” and AS” are estimated (see 
Table VI). AS” = 44 x (y) = 165 (e.u.) 
which as expected from Schmalzried and 
Navrotsky’s conclusion is in good agree- 
ment with that of the GdjFe2Fe3012. 

Piekarczyk et al. (20) measured the 
Gibbs free energy change of Y3Fe2Fe3012 
by means of a solid state galvanic cell 
method and reported AC” = -2078.2 + 
0.580T t 2.3 (kJ/mole) in the temperature 
range of 1173 Z T 5 1523 (K). From this 
result, AG” = -291.0 +- 0.6 (kcal/mole) at 
1200°C. As for the LnFe03 compounds, the 
Madelung energies of the Ln3FezFe30i2 



Ln203-FeO-Fe203 SYSTEMS STABILITY 71 

TABLE IV 

GIBBS FREE ENERGY CHANGE OF THE CHEMICAL REACTION 3LnFeOj + fFe,04 + $0, = Ln3Fe50,* 

(AG(kcal/mole) -r- 0.60) 

Ln3Fe501t lOOWC(a) 1 lWC(a) 1150”C(b) 1200°C 1250°C 

-8.19 
-8.87 
-9.20 
-9.58 
-9.55 
-9.31 
-9.12 
-8.40 

-6.02 
-6.27 
-6.75 
-7.87 
-7.79 
-7.44 
-6.94 
-6.38 
-5.75 
-5.53 

-6.33 

-3.20(c) 
-4.86(d) 
-5.75(a) 
-6.5.5(a) 
-6.01(a) 
-6.19(b) -5.08(b) 

-5.52 -5.52(b) -4.41(b) 

-3.36(b) 
-6.50(e) 

Note. Refs. (a) 17~ (b) 17b, (c) lUa, (d) IOe, (e) 10~. 

were calculated (see Table III). The depen- 
dence of the Madelung energy difference on 
the Ln ion is also shown in Fig. 4. From 
these results, one can say that the depen- 
dence of AG” or AW upon the Ln cation 
and that of AU, are very similar. The free 
energy change in the chemical reaction 

3LnFe03 + %FeJ04 + 902 = Ln3Fe2Fe30r2 

or 

3LnFe03 + Fe20j = Ln3Fe2Fe30i2 

indicates a maximum change in -AG” near 
Ln = Tb. The Madelung energy difference 
corresponding to the above chemical reac- 
tion is shown in Fig. 5. -A Vi shows a max- 
imum value near Ln = Tb or Gd. 

In the garnet structure, there are dodeca- 
hedral (Ln-0), octahedral (Fe-O), and tet- 
rahedral (Fe-O) polyhedra which share a 
common edge. Esipinosa (30) plotted lat- 
tice constant of LnjFe2FeJOi2 vs atomic 
number of the rare earth element and found 
a double festoon curve which is caused by a 

TABLE V 

GIBBS FREE ENERGY CHANGE OF THE CHEMICAL REACTION 5Fe + iLn20, + 9 O2 = Ln3Fe,0,2 
(A G(kcal/mole) 2 0.60) 

Ln3Fe& 1OOWC(a) 1 lWC(a) 1150”C(b) 1200°C 1250°C 

-332.5 
-331.7 
-330.9 
-328.6 
-326.7 
-325.9 
-323.6 
-322.9 

-315.6 
-314.0 
-313.6 
-311.6 
-309.1 
-306.9 - 
-304.3 
-301.0 - 

-298.4 
-295.9 

-295.7 

-289.2 

-298.5(c) 
-297.8(d) 
-298.8(a) 
-295.5(a) 
-293.2(a) 
-288.5(b) 
-286.2(c) 
-284.5(b) 
-283.4(e) 
-279.1(c) 
-288.90 

-284.4(b) 

-277.5(b) 

Note. Refs. (a) 17a, (b) 17b, Cc) IOa, (d) IOe, (e) IOd, (f) 10~. 
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TABLE VI 

ENTHALPY CHANGE AND ENTROPY CHANGE: 
5Fe + fLn20, + 90, = LnSFe5012 

Ln3FeAh2 AH”(kcal/mole) Ar(e.u.) 

-549 * 10 
-549 2 10 
-548 f 10 
-542 5 10 
-536 k 10 
-524 !Y 10 
-512 2 10 
-506 f 10 
-510 k 10 
-494 * 10 

-170 2 10 
-171 2 10 
-171 ? IO 
-168 + 10 
-165 2 10 
-158 2 10 
-151 “_ 10 
-150 ? 10 
-153 ‘- 10 
-145 ‘_ 10 

small crystal field effect on the nonspheri- 
cal Ln ion. The interatomic distances are 
mainly dependent upon the ionic radius of 
the Ln ion. Thus we can easily presume 
that there should be an optimum Ln ion in 
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FIG. 4. Madelung energy of Ln3FesOlz and the Ma- 
delung energy difference (=A&): U(Ln3FeSO12) - 
WWdM x P + UFe203) x 31. 
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FIG. 5. Madelung energy difference (=AU;): 
U(Ln3FesO12) - [U(LnFe03) x 3 + U(Fe203)]. 

the dodecahedron which is able to share the 
common edges with the octahedra and the 
tetrahedra. La, Pr, and Nd are too large to 
form the dodecahedron together with the 
octahedron and the tetrahedron formed by 
the Fe3+-0 bonds. The elements indium 
and scandium are too small to exist in the 
dodecahedron under normal pressure. We 
may conclude that thermochemical data, 
crystallographic data, and a simple ionic 
charge model point to a consistent result as 
to the dependence of the stability of each 
Ln3Fe2Fe3012 compound on the Ln cation. 
The Ln3Fe2Fe3012, LnFez04, and Ln2Fe307 
have incongruent melting points (28), 
therefore we did not compare the Madelung 
energies with each melting point. 

(0 Stability of LnFez04 (Ln: Ho-Lu and 
r) and Ln2Fe30T (Ln: Yb and Lu) 

The free energy changes accompany the 
following chemical reaction are listed in Ta- 
ble VII(a): 

2Fe + $LnrO, + 202 = LnFe204. 

We did not estimate the enthalpy change 
and the entropy change of the above chemi- 
cal reaction, because of the very narrow 
range of temperature. Since the AH” values 
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GIBBS FREE ENERGY CHANGE OF THE CHEMICAL REACTION 2Fe + tLnz03 + SO2 = LnFe204 
(AG(kcal/mole) ? 0.50) 

LnFe204 1000”c 1100°C 1150°C 1200°C 1250°C 

HoFetOI 
ErFezOd 
TmFezOd 
YbFe204 
LuFe201 

YFeKh.~s 

-111.3(b) 
-105.2(b) 
-1049(b) 
-105.1(b) 
-104.5(b) 

- 101.8(a) 

-101.4(a) 

-100.9(a) 
-100.8(c) 
-100.6(a) 
-100.4(d) 
-100.3(a) 

-96.8(d) 

-99.3(a) 

-99.04(b) 

-98.55(a) 

Note. Refs. (a) 17u, (b) 176, (c) log, (d) 10~. 

are about three times larger than the TAS 
values, and AS” is actually constant, the 
dependencies of AG” and AH” on the con- 
stituent Ln cation element exhibit similar 
trends. Therefore, we can compare A G” in- 
stead of AH” with the Madelung energy dif- 
ference. As the crystal structure analysis of 
YbFez04 had been performed by Kato et al. 
(Z~U), we refined the crystal structure of 
YFe204 and obtained the dependence of the 
Madelung energy of the LnFe204 com- 
pounds on the Ln cation. The experimental 
conditions and the results obtained for the 
refinement are shown in Table VIII. 

The free energy changes in the chemical 
reaction LnFe03 + Fe0 = LnFe104 (Ln: 
Ho, Er, Tm, Yb, Lu, and Y) are estimated 
(see Table VII(b). LnFez04 becomes more 
stable as the size of the Ln decreases and 
the temperature increases. As reported ear- 
lier (I 76), each LnFe204 phase decomposes 
to LnFe03 and Fe0 at a certain tempera- 

TABLE VII(b) 

LnFe03 + Fe0 = LnFe204 (AG(kcal/mole) -C 0.50) 

Ld+O* 1000°C 1100”c 1150°C 1200°C 125o=c 

HoFerOd -0.2(a) -0.4(a) 
ErFerOl -0.2(b) -0.7(c) 
TmFerOa -0.3(b) - 1.3(b) -1.4(a) - 1.7(a) -2.1(b) 
YbFerOn -2.0(b) -2.0(d) 
LuFel01 -2.3(b) -2.6(a) -2.7(a) -3.0(a) 

Note. Refs. (a) 170, (b) 17b, (c) log, (d) IOc. 

ture. The lower limits of the stability range 
in temperature are HoFe204: 1175”C, Er 
Fez04: 105O”C, TmFe204: 950°C and Lu 
Fez04: 900°C (17~). Although the AH” in 

TABLE VIII 

STRUCTURAL REFINEMENT OF YFe204 

Experimental conditions 

Crystal size 
Wave length 
Monochrometer 
Intensity measurement 

Counting system 
Measurement range 
Number of observed reflec- 

tions 
Number of nonzero reflec- 

tions 
Number of independent 

nonzero reflections 
Correction 

0.27 x 0.20 x 0.05 mm 
MoKa 
Graphite (20~ = 12.17”) 
Four-circle goniometer 

system 
Scintillation counter 
hSO,k20, 110”L28~0 
990 

758 

428 

Lorentz polarization, ab- 
sorption (for w = 228 
cm-‘), extinction, and 
dispersion effects 

Experimental result 

Possible space group R3l?l 
Lattice constants a = 3.516(l) A, 

c = 24.79(2) A 
Atom position 

Posi- 
Atom tion x y z PII Pa 

Y 3a 0 0 0 0.0093(7) 0.00218(4) 
6‘2 

El, 6c 
0 0 0.21440(6) 0.043(l) 0.00030(1) 
0 0 0.2924(2) 0.040(9) 0.0031(8) 

O(2) 6c 0 0 0.1282(4) 0.089(7) 0.00097(14) 

R = 0.116, weighted R = 0.055 
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the chemical reaction LnFeOj + Fe0 = 
LnFezOd is erroneous, as mentioned 
above, we could estimate that AH” is posi- 
tive (endothermic). The Madelung energy 
differences are A UJ = U(LnFe204) - 
[U(LnFe03) + U(FeO)] = 2.07 for Ln = Yb 
and 2.48 for Ln = Y. We can state that the 
dependencies of the A G” and AU, on the Ln 
cation are similar. In the LnFe204 phase, 
Fe3+ and Fez+ occupy one trigonal bipy- 
ramidal site and the Ln ion occupies an oc- 
tahedral site. Since it is more difficult for 
Ln which is larger than Dy to form the octa- 
hedron, coexisting with the trigonal bipyra- 
mid formed by the Fe2,S+-0 bonds in the 
LnFezOd phase, only the LnFe204 (Ln: Ho, 
Et-, Tm, Yb, Lu, and Y) are stable in each 
phase diagram of the Ln203-FeO-Fe203 
systems above a certain temperature, re- 
spectively. Therefore, it is reasonable that 
the free energy change and the Madelung 
energy difference have a similar depen- 
dence on the constituent Ln cation. 

The free energy changes of Yb2Fe307 and 
LuzFe307 are shown in Tables IX(a) and 
(b). As we know only one crystal structural 
datum of the Yb2Fe307, we cannot present 
the dependence of the Madelung energy 
upon the constituent Ln cation. Only A U = 
U(Yb2Fe307) - [2 x U(YbFe03) + 
U(FeO)] = 4.13 (endothermic) is obtained. 
As in the case of LnFe204, Ln2Fe307 is 
more stable as the Ln element in the phase 
becomes smaller and the temperature in- 
creases (see Table IX(b)). Tm2Fe307 does 
not exist at 1200°C as a stable phase; how- 

TABLE IX(a) 

GIBBS FREE ENERGY CHANGE OF THE CHEMICAL 

REACTION 3Fe + Ln203 + 202 = LnzFejO, 

(AG(kcaYmole) -+ 0.5) 

Ln*FeaO, 11oo”c 1150°C 1200°C 1250°C 

YblFej0-r -166.6(a) -158.4(b) 
Lu~FQO, -166.6(a) -160.2(c) -158.2(c) -155.0(c) 

Note. Refs. (a) 170, (b) I&f, (c) 176. 

TABLE IX(b) 

2LnFeOj + Fe0 = LnzFe,O, (AG”(kcal/mole) 2 0.5) 

LntFej07 1100°C 1150°C 1200°C 1250°C 

YbzFej07 -2.1(a) -2.2(b) 
LuzFes07 -2.8(a) -3.0(c) -3.1(c) -3.4(c) 

Note. Refs. (a) 17a, (b) lOd, (c) 17b. 

ever, it is stable above 1350°C (17b). Since 
there are Fe405 layers and Fe203 layers 
which sandwich the Ln-0 octahedron in 
the Ln2Fe307 structure, the bond distances 
of Ln-0 in the octahedron have more re- 
stricted values than in the LnFe204 struc- 
ture. Thus, only Yb and Lu form the Ln2 
Fe30, structure. 

There is only one crystallographic site of 
the Ln ion in LnFe03, in Ln3Fe2Fe30i2, in 
LnFe204, and in Ln2Fe307; therefore, it is 
easy to observe the effect of the Ln ion size 
on the Fe-O bonds in each phase. For the 
LnFe03 compounds reported in (I, 4, 5), 
the Fe-O distances varied between 2.006 
and 2.14 A. For the Ln3Fe2Fe30r2 com- 
pounds (7-9) the distances ranged from 
2.00 to 2.039 A, and 1.861 to 1.89 A for the 
octahedral and tetrahedral sites, respec- 
tively; in YbFe204, YFe204, and YbjFe30, 
the Fe2.5+-0 distances are 2.026,2.041, and 
1.998 A, respectively (12a, I2b). In Yb2 
Fe307 the Fe3+-0 bond length is 1.974 8, 
(12b). Thus we can safely conclude that 
there is no significant bonding character 
change in each of the Fe-O and the Ln-0 
bonds in the LnFe03 compounds, the Ln3 
Fe&@12 compounds, and the (Ln 
Fe03),Fe0 compounds. The dependencies 
of the free energy changes of each phase on 
the Ln cation should be mainly attributed to 
the Madelung energy difference in each 
chemical reaction. 

Conclusions 

(1) We summarized the thermochemical 
data of the stable phases, LnFe03, Ln3Fe2 
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Fej012, LnFezOd, and Ln2Fe307 in the 
Ln203-FeO-Fe203 systems in the tempera- 
ture range lOOO-1400°C. 

(2) To understand the thermochemical 
data of the phases in the above systems, we 
calculated the Madelung energies of the sta- 
ble phases, based upon a simple point 
charge ionic model. The LnFe03 com- 
pounds are less stable; Ln3Fe2Fej0,2 is 
most stable near Ln = Tb, and (Ln 
Fe03),Fe0 ( IZ = 1 and 2) are more stable as 
the Ln cation in each phase becomes 
smaller. 

(3) As the Fe-O bond distances in Ln 
Fe03 and in LnJFezFe,Olz are almost inde- 
pendent of the Ln cation, the changes in 
each crystal structure are absorbed by the 
environment around the Ln cation, and the 
electronegativity does not change much 
from La to Lu. We concluded that we could 
estimate the dependence of the free energy 
changes on the Ln cation through calcula- 
tions of the Madelung energy. 

(4) To estimate the phase relations in a 
series of phase diagrams in which isostruc- 
tural phases exist, it is qualitatively useful 
to calculate the Madelung energy of each 
phase in advance. The absolute value of the 
Madelung energy difference of each chemi- 
cal reaction is almost meaningless for un- 
derstanding the chemical bonds in the oxide 
compounds. However, we may note a sys- 
tematic relative change in energy cor- 
responding to a change of the interatomic 
distances in a series of isostructural 
compounds, through calculations of the 
Madelung energies of each compound, if 
each component element has a similar elec- 
tronegativity. 
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