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The phasc relations in the In,O:-Fe;0:—CuO system at 1000°C, the In,0:-Ga,O:—CuO system at
1000°C, the In,0;-Fe,0:—Co0 system at 1300°C, and the 1n,0:-Ga,0;—CoO system at 1300°C were
determined by means of a classical quenching method. InFeCuQ, (¢ = 3.3743(4) A, ¢ = 24.841(5) A),
InGaCuO, (a = 3.3497(2) A, ¢ = 24.822(3) A), and InGaCoQ, (¢ = 3.3091(2) A, ¢ = 25.859(4) A) having
the YbFe,O, crystal structure, In.Fe,CuO; (¢ = 3.3515(2) A, ¢ = 28.871(3) A), In,Ga,CuO- (¢ ==
3.3319(1) A, ¢ = 28.697(2) A), and In,FeGaCuO; (¢ = 3.3421(2) A. ¢ = 28.817(3) A) having the
Yb,Fe:O; crystal structure, and In;Fe;CuOy, (a = 3.3432(3) A. ¢ = 61.806(6) A) having the Yb,Fe O
crystal structure were found as the stable ternary phases. There is a continuous series of solid solu-
tions between InFeCoO, and Fe,CoO, which have the spinel structure at 1300°C. The crystal chemical

roles of Fe’* and Ga’* in the present ternary systems were qualitatively compared.

Introduction

Recently we have established the phase
diagrams of the Ln,Oz-FeO-Fe,0; systems
(Ln:lanthanide elcments and Y) at elevated
temperatures under controlled oxygen par-
tial pressures and reported a series of new
homologous compounds (LnFeQO;),FeO (n
=1,2,3. . .) with layered structures (/).
The single crystal structural analyses for
YbFe,O4 and Yb,Fe;0, were performed by
Kato er al. (2, 3). YbsFe O, YbsFesOgs,
and the higher order compounds were ana-
lyzed by means of both electron diffraction
and powder X-ray diffraction methods (4,
5). The crystal structural models for Yb
Fe,04 and Yb,Fe30; are shown in Figs. 1
and 2, respectively.

* To whom all correspondence should be addressed.
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Tanaka et al. (6) measured the electrical
conductivities, specific heat, and Moss-
bauer spectra of YFe;,O4, (x = —0.05 ~
0.00) and observed the conductivity gap
(about 10° ohm™' ¢cm™") and specific hcat
anomaly at about 250 K. Nakagawa et al.
(7) also found crystallographic transforma-
tions in YFe,0,., at the lower tempera-
tures. Tanaka et al. (6) concluded that the
transition in YFe,04 ¢ belongs to the Ver-
way type observed in Fe;Oy4 (8) and Ti,0O;
(9). Both the Fe?* and the Fe** occupy the
same crystallographic site formed by a tri-
gonal bipyramid of the oxygen ions; how-
ever, the nonstoichiometry in YFe;Oy4.,
causes the complicated properties observed
in the electrical transport phenomena, the
magnetic behavior and the Mdssbauer spec-
tra. The details in the mechanism of the
transitions are still open to question.
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FiG. 1. The crystal structure of YbFe,O, (space
group: R3m). (R) Yb ion, (M) Fe ion, (O) O ion, (U)
Yb,0; layer, (W) Fe,Os layer. A, B, and C indicate the
positions of the ions.

In order to stop the electron transfer be-
tween Fe?* and Fe*' in the LnFe,0, com-
pounds (Ln: Er, Ho, Tm, Yb, Lu, and Y),
we replaced the Fe?* ion with another diva-
lent cation such as Cu?*t, Zn?*, Mg?*, Co?",
or Mn?*. The compounds obtained were
LnFeCuO,, LnFeCoO,; (Ln: Lu, Yb, or
Tm), LnFeMnOy (Ln: Lu, Yb, Tm, Ho, or
Y), and LaFeMgO, (Ln: Lu, Yb, Tm, or
Ho) which are isostructural with YbFe,04
(/1). The phase relations in the Yb,Os—
Fe,03—CuO system at 1000°C, the Yb,Os~
Ga,03-CuO system at 1000°C, the Yb,Os—
Fe,0;—Co0 System at 1300 and 1200°C, the
Yb,0:-Fe,0:—Zn0O system at 1300°C, and
the Yb,0:-Ga,0:—Zn0 system at 1350 and
1200°C were also determined by a classical
quenching method (/0) and the thermo-
chemical stability conditions of each Ln
FeMO, and LnGaMO, phase were reported
by Kimizuka and Takayama (/7). Each Ln
FeMO4s and LnGaMOQO, phase is stable
above a certain temperature and decom-
poses to LnFeO; and MO phases or
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Ln;GasOy,, Ln,O3, and MO phases below
that temperature, respectively.

In the Ln,Fe;O; compounds (Ln: Lu, Yb,
or Tm), there are Fe,O; and Fe,Os layers
which are separated by a Ln,0; layer (3).
The Mossbauer study and neutron diffrac-
tion analysis for Lu,Fe;0; and Yb,Fe;0O; in-
dicate that there may be an interaction of
spins in the Fe»O; and Fe Os layers (/2). To
study that interactions in more simple
cases, we tried to replace the Fe?" ion in
Yb,Fe;07 with another divalent cation such
as Cu’* to stop the electron transfer in the
Fe,Os layer. In the present paper, we report
the phase relations in the In,O:-Fe,0:-CuO
system at 1000°C, the In,0;-Ga,0:—CuO
system at 1000°C, the In,03;-Fe,0;-CoO
system at 1300°C, and the In,0;-Ga,0s-
CoO system at 1300°C which were deter-
mined by means of a classical quenching
method. In these systems (InFeOs),CuO (n
=1, 2, and 3), (InGa0,),CuO (n = 1 and 2),
(InGa03),,Co0 (n = 1) which are isostruc-

tural with (YbFeO,),FeO (n = 1, 2, and 3)
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FiG. 2. The crystal structure of Yb.Fe;O, (space
group: P6;/mmec). (R) Yb ion, (M) Fe ion, () O ion.
(U) Yb,O; layer, (V) Fe.O; layer, (W) Fe,Os layer. A.
B, and C indicate the positions of the ions.
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and InFeCoO, with the spinel structure
were obtained as the ternary stable phases.

Experimental

The experimental methods and apparatus
used in the present study have been de-
scribed in Refs. (10, 11). In,O3 (99.99%)
was used as a starting compound. Prior to
mixing, we heated it at 800°C in air for 1
day. Other starting compounds are the
same as in Refs. (70, 11). Calculated
amounts of each end member: In,0i, 4.0,
(A: Fe or Ga), BO(B: Cu or Co) was
weighed to the nearest milligram. Each
batch was thoroughly mixed under ethyl al-
cohol in an agate mortar and sealed in a Pt
tube, and fired at successively higher tem-
peratures until equilibrium was obtained.
After each heat treatment, the specimen
was rapidly cooled in water. Equilibrium
was considered to be attained when the X-
ray powder diffraction pattern of a speci-
men showed no change with successive
heat treatment of the specimen. Identifica-
tion of phases and determination of lattice
constants were performed by means of
powder X-ray method on a scintillation
counter diffractometer, using silicon as a
standard material. Mn-filiered FeKa radia-
tion was used for identification of all speci-
mens and for measurement of d-values of
compounds which contained iron. Mea-
surement of d-values of other compounds
was done using Ni-filtered CuK« radiation.
Lattice constants were calculated by means
of least squares.

Results and Discussion

[{] The Phase Relations in the
In04Fe>0+—-CuO System at 1000°C

In,O; (**C™ type rare earth sesquioxide
structure, a = 10.118(A) (13)), Fe,0; (a-
form, corundum) (/4), and CuO (PtS struc-
ture) (/5) were stable. In the In,O;—CuO
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system, there was one stable phase of In;
Cu,0Os as previously reported (/5, /6). In
the CuO-Fe,0O; system, there was a stable
phase of Fe,CuO, with a spinel structure
which had been reported in the Cu,O-
CuO-Fe;04-Fe,0; system at elevated tem-
peratures under various oxygen partial
pressures (/5, 17). The solid solution range
of Fe,CuO, in Fig. 3 was cited from the
Refs. (15, 17).

In the Fe;O0:-In-O; system, no binary
compounds were detected during a heating
period of 6 months.

A sample with In,O;:Fe.O;:CuO =
0.15:0.75:0.10 (all ratios given in this pa-
per are mole ratios) which was heated for
27 days was identified as a mixture of
In2F62Cu07, In;Fe;CuOm, and “Feg()}”
phases, and a sample of In,O;: Fe,0y: CuO
= 0.20:0.70:0.10 was identified as a
mixture of ImFe;CuQyy, “In,O;,”" and
*“Fe,05.”" The d-spacings of “*Fe>O,"" and
“In,053”" showed these compounds to be
solid solutions. After heating a mixture of
InyO5: Fe;Oy = 0.05:0.95 for 30 days, a sin-
gle phase having a corundum structure was
obtained.

Since solid state reactions among three
components were faster than those be-
tween two components of In,O; and Fe,O4

In03

b

Cu0 £ ﬁFezoa

F1G. 3. The phase diagram of the In,0:—Fe,0—CuO
system at 1000°C. (A) InFeCuQ,, (B) In,Fe,Cu0,, (C)
ln3F63CuOI(), (D) In:Cuz()5. (E) Fe:CUO4, (b) ln;
O;:Fe,04 = 0.05:0.95 (in moles). (¢) In,0;: Fe,0, =
0.925:0.075 (in moles).
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(10), we determined the solid solution
ranges, not from experiments of a binary
system but from those of a ternary one. We
concluded that the solid solution range of
“In,05”” extended to a composition of In,
0;:Fe,0; = 0.925:0.075 and that of
“Fe,05"" was to In,05: Fe;05 = 0.05:0.95.

In the In,O;-Fe,03;—CuO system, there
were three stable phases, namely, InFe
CUO4, In2F02CUO7, and In3F03CUO|0.

(InFeO,),CuO (n = 1, 2, or 3) was iso-
structural with the corresponding com-
pound (YbFeOs),FeO (n = 1, 2, or 3).

The above conclusions were obtained
from the X-ray powder diffraction patterns
shown in Table 1. The corresponding lattice
constants are shown in Table II. From
these results we can conclude that the Cu?*

ion in (InFeO3),CuO (n = 1, 2, and 3) occu-
pies the position of Fe?* in YbFe,O4, Yb,
Fe;0,, and YbsFe 0,9, respectively.

We heated In;Fe;CuQOq at 1100°C for 1
week; however, no decomposition was de-
tected. A mixture of In,0s: Fe,05:CuO =
0.40:0.40:0.20 was heated at 1100°C for 1
week; however, no InsFe,CuO,; was ob-
tained, but “111203,” “Fez()],” and II’I;
Fe;Cu0O,y phases were observed. (InFe
03),Cu0 (n = 1, 2, and 3) were heated at
700°C for 21 days; but no decompositions
were detected and X-ray diffraction peaks
of each compound became sharper with in-
creasing heating period. Schneider et al.
(18) reported the phase diagrams of the
In;05-Fe,0; system at elevated tempera-
tures. They indicated that the “‘Fe,O;”

TABLE la
PowDER X-RAY DATA FoRr InFeCuQy, InGaCuO,, AND InGaCoO,

InFeCuO, InGaCuO, InGaCoO,

hkl dy (A)  d. (A) 1(%) dy (A do(A) L% dy(A)  d(A 1%
003 8.297 8.280 21 8.276 8.274 12 8.622 8.620 15
006 4.143 4.140 33 4.137 4.137 29 4311 4310 23
101 2.903 2.902 100 2.881 2.881 100 2.847 2.848 95
102 2.844 2.845 5 2.827 2.825 6 2.797 2.798 5
009 2.762 2.760 56 2.759 2.758 61 2.874 2.873 72
104 2.644 2.644 92 2.627 2.628 98 2.619 2.620 100
105 2.519 2.519 85 2.504 2.505 88 2.506 2.507 73
107 2.256 2.256 10 2.246 2.245 5 2.265 2.264 5
108 2.128 2.128 21 2.119 2.119 19 2.144 2.144 25
0012 2.071 2.070 2 2.069 2.069 3 — — —
1010 1.8928  1.8927 58 1.8868  1.8860 53 1.9202  1.9199 43
110 1.6863  1.6871 70 1.6746  1.6749 68 1.6546  1.6545 57
0015 1.6561 1.6551  1.6548 6 — — —
113 16549 6532 12 1.6415  1.6416 3 _ _ _
1013 1.5997  1.5993 1 1.5949  1.5949 14 1.6343  1.6341 23
116 1.5624  1.5624 13 1.5521  1.5525 10 — — —
1014 1.5168  1.5167 40 1.5124  1.5128 38 1.5524  1.5526 38
201 1.4585  1.4586 15 1.4483  1.4480 10 — — —
119 1.4396  1.4395 50 1.4314  1.4316 41 1.4340  1.4338 60
204 1.4219  1.4223 15 1.4126 14124 13 1.3993  1.3989 12
205 1.4015  1.4017 14 13925  1.3923 14 1.3807  1.3809 10
2010 — — — 1.2522  1.2523 11 12531 1.2533 9

Note. The hkl are given as a hexagonal crystal system.



In,05-A,0,-BO PHASE RELATIONS

221

TABLE Ib
PowDER X-RAY DATA FOR In,Ga,CuO;, In.Fe,CuO;, AND In,FeGaCuO,

In>Ga-CuO, In.Fe-Cu0;, In-FeGaCu(),

hkl dy(A)  d.(A) %) dy (A)  d.(A) 1%) dy(A)  d.(A) H%)
004 7184 7.174 8 7248 7.218 32 7225 7.204 14
006 4.780 4.783 9 4.813 4.812 18 4.809 4.803 12
008 3.589 3.587 7 3.612 3.609 12 3.605 3.602

100 2.886 2.905  2.902 ) — — —

0010 2.868  2.870 9 2.887 , 2.882

101 2.871 } 288 ses } 100 } 28815 880 } 9
102 2.828 2.829 37 2.847 2.846 20 2.839 2.838 30
103 2762 2.763 3 2782 2.779 2 2772 2771 4
104 2,676 2.677 26 2693 2.693 24 268  2.686 25
105 2577 2.578 100 2,593 2.593 96 2,587 2.586 100
106 2.470 2.471 18 2.486 2.485 13 2.479 2.479 13
107 2.361 2.360 2 2.375 2.374 2 — — —

109 2139 2.140 19 2152 2152 24 2148 2.147 20
1010 2.035 2.035 8 2.047 2.047 9 2.042 2.042 Il

1011 1.9349 1.9352 15 1.9467 1.9467 21 1.9423 1.9423 16
1012 1.8417 1.8413 12 1.8523 1.8523 13 1.8481 1.8481 2
1013 1.7539 1.7533 2 1.7638 1.7638 3 — — —

1014 — — — 1.6810 1.6811 6 — — —

110 1.6659 1.6660 48 1.6759 1.6757 45 1.6709 1.6710 52
114 — —_ — 1.6327 1.6323 S —_ — —

1015 1.5945 1.6041 1.6006

0018 ] L5946 S0 } 20 } 16040 oo } 23 } L6005 " e ] 27
116 1.5735 1.5733 2 1.5822 1.5825 5 — — —

1016 15230 1.5233 9 [.5324  1.5325 9 15290 1.5292 10
118 1.5109 1.5110 2 1.5200 1.5199 6 1.5160 1.5159 4
1017 1.4570 1.4570 4 — o — —_ — —

1110 1.4408 1.4493 1.4457

501 } L4407 o } 35 ] 14492 oy ] 39 ] L4450 ] S0
204 1.4143  1.4145 3 — — — — — _

205 1.3993 1.3992 13 1.4075 1.4075 16 1.4038 1.4036 14
1019 — — — 1.3459 1.3462 3 —_ — —

206 13815 1.3813 2 — — — — — —

209 1.3144 1.3145 3 1.3223 1.3222 4 — — —

2011 1.2626 1.2626 3 1.2698 1.2700 S _ — —

1021 1.2350 — — —_ - — -

2012 } LIST 234 } 3 — — — — — _

phase could reach a molar composition of
In,O5: Fe;03 = 0.4:0.6 and *‘In,O;”" phase
could reach a composition of In,05: Fe,04
=0.7:0.3 above 1000°C. In the present
work, the solid solution range of each com-
pound was narrower of that presented by
Schneider et al. The phase relations in the
In,03-Fe,05~CuO system at 1000°C are
shown in Fig. 3

{II] The Phase Relations in the
In,0+—Ga,O—CuO System at 1000°C

B-Ga,;0; was stable (/9). There was one
Ga,CuO, phase with a spinel structure in
the CuO-Ga,0; system. The solid solution
range of Ga,CuO, was narrower than that
of Fe,CuO,. The phase diagram of the
Ga,03-In,0; system was first reported by
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TABLE I¢
PowbDER X-Ray DaTa For In;Fe;CuQy

d() dc l
Bkl (A) (A) (%)
003 20.72 20.60 13
006 10.37 10.30 9
009 6.887 6.867 24
0012 5.155 5.150 14
0015 4.124 4.120 6
0018 3.435 3.434 4
0021 2.943 2.943 62
101 2.892 2.892 100
104 2.845 2.846 40
105 2.820 2.819 21
107 2.752 2.751 6
108 2.712 2711 11
1010 2.621 2.622 78
1011 2.574 2.574 62
1014 2.421 2.421 4
1019 2.162 2.163 21
1020 2.113 2.113 25
1022 2.016 2.016 17
1025 1.8799 1.8801 18
1029 1.7163 1.7164 7
110 1.6713 1.6716 81
1031 1.6419 1.6421 19
1032 1.6068 1.6067 25
1121 1.4538 1.4535 55

Schneider ef al. in the temperature range of
1000 to 1500°C (18). They reported an X-
phase which is similar to x-alumina. Mac-
Donald et al. (20) confirmed the X-phase
which was obtained at 1580°C for a heating
period of 16 hr. On the other hand, Shan-

TABLE 11

LATTICE CONSTANTS OF THE NEwW COMPOUNDS AS
A HEXAGONAL CRYSTAL SYSTEM

InFeCuOy InGaCuO, InGaCoO, In;Ga,CuO,
a (1:\) 3.3743(4) 3.3497(2) 3.3091(2) 3.331%(1)
c (A} 24.841(5) 24.822(3) 25.859(4) 28.697(2)
In,Fe,Cu0O, In;,FeGaCuO, In;Fe;CuOyy
a (A) 3.3515(2) 3.3421(2) 3.3432(3)
c(A) 28.871(3) 28.817(3) 61.806(6)
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non and Prewitt (2/) studied the Ga,Os-
In;O; system both under normal and high
pressures above 1000°C and reported that
there was no binary compound but a solid
solution of In,Ga,..0; (x = 0 ~ 1) with the
B-Ga,0; structure under a normal pressure.
In the present work, we could not obtain
any binary compounds but we did find a
continuous series of solid solutions with the
B-Ga,0; structure ranging to InGaQ;,
which is in good agreement with the result
reported by Shannon and Prewitt. A solid
solution range of In,O; was considered to
be negligibly narrow. In the In,0;-Ga,0—
CuO system, InGaCuO, and In.,Ga,CuO,
were found. It was concluded through X-
ray powder diffraction data that (In
04),Cu0 (n = 1 and 2) were isostructural
with (YbFeOs),FeO (n = 1 and 2). Their
indexing, d-spacings, and relative intensi-
ties are listed in Table I and the lattice con-
stants are shown in Table II. From the
results above, we can conclude that the
Cu?" ion in (InGa0s),,CuO occupies the po-
sition of Fe?* in YbFe,O,; and Yb,Fe;0,
compounds, respectively.

We heated the In,Ga,CuO, at 1100°C
for 1 week and no decomposition was
detected. Both the mixtures of In
0;:Ga,0;: Cu0 = 0.375:0.375:0.25 and
In,0;: Ga;O5: CuO =0.40:0.40:0.20 were

NN

cuo E Gaz04

F1G. 4. The phase diagram of the In,0;—Ga,0:~CuO
system at 1000°C. (A) InGaCuOy, (B) In,Ga,CuO,, (D)
In,Cu,0s, (E) Ga,CuQ,, (b) Iny0;:Ga0; = 1:1 (in
moles).
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o0 £ Fey0q

F1G. 5. The phase diagram of the In,0y-Fe,0:-CoO
system at 1300°C. (A) InFeCoO; (spinel), (E) Fe,CoOy,
(b) InyO;:Fe,O3 = 0.25:0.75 (in moles). (c) Im,
0,: Fe,0; = 0.60:0.40 (in moles).

heated at 1100°C for 1 week; however, nei-
ther In;Ga;CuQ,q nor IndGa,CuO,; was ob-
served. (InGa0;),CuO (n = 1 and 2) were
heated at 700°C in air for 27 days and no
decompositions of either phase was de-
tected and the powder pattern of each com-
pound became sharper as the heating pe-
riod became longer. The phase relations of
the In,0:-Ga,0;—CuO system at 1000°C is
shown in Fig. 4. Substituting one of the Ga
atoms in the In,Ga,CuQ; by an Fe atom
gave In,GaFeCuO5, having Yb,Fe10; struc-
ture. Powder X-ray data and lattice con-
stants for it are shown in Tables I and II,
respectively.

[III] The Phase Relations in the
In,O+Fe,0+~Co0O System at 1300°C

In the In;03-CoO system, no binary
compound was detected. The In,CoO,
phase with an inverse spinel structure (22)
could not be detected as a stable com-
pound. In the CoO-Fe,O; system, there
was a wide solid solution range of a spinel
phase, “‘Fe,C00,.”” Masse and Muan (23)
carefully studied the Fe;04~Fe,0O3-CoO
system at elevated temperatures in air and
reported the range of the compositional
change in the spinel phase. According to
them, the spinel structure exists at 1300°C
in compositions Fe,03;:Co0O = 0.88:0.12—
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0.44:0.56. The compositional range in the
phase relations shown in Fig. 5 is taken
from Masse and Muan. In the Fe,03-1n,0,
system, no binary compound was ob-
served, and we concluded that the solid
solution range of Fe,0: attained to In,
0;:Fe,0O; = 0.25:0.75 and that of In,O;
attained to In,O1: Fe,O5; = 0.60:0.40.

In the In,0;-Fe,03-Co0 system, there
was a ternary compound, InFeCoO, with a
spinel structure and a continuous series of
spinel solid solutions between InFeCoO,
and Fe,Co0Oy4. The lattice constants of the
solid solutions are shown in Fig. 6. These
solid solutions follow Vegard’s law as
shown in the figure. The compositions were
not determined analytically but were as-
sumed to have the original composition
since no second phases were detected. A
spinel phase region in the In,O;—Fe,05-
CoO system is shown together with stable
phases in Fig. 5.

{IV] The Phase Relations in the
1y 05+~Ga05-Co0O System at 1300°C

In the CoO-Ga,O, system, there was a
Ga,Co0, phase with a spinel structure. The
solid solution range of the spinel was much
narrower than that of Fe,CoO, phase. In
the Ga,0s;-In,0; system, no binary com-
pound was detected, but a solid solution

@
=)

Lattice Constant ()
[ ]
o

®
~

0 02 04 06 08 1
X in InxFe;.xCoOy

F1G. 6. Lattice constants of the spinel solid solutions
In,Fe,_.Co00,.
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Gag03

Fi1G. 7. The phase diagram of the In,0;-Ga,05~CoO
system at 1300°C. (A) InGaCoOQ, (YbFe,O, type), (E)
Ga,Co0,, (a) Iny0;: Ga,0;: CoC = 0.10:0.40:0.58 (in
moles). (b) In;O;: Ga,0; = 1:1 (in moles).

range of the B-Ga,O; phase reached In
GaO0;, which is in good agreement with the
data reported by Shannon and Prewitt (21),
and the In,O; phase reached the composi-
tion In,0;:Ga0; = 0.90:0.10. The X-
phase which had been reported by Schnei-
der et al. (18) was not detected even at
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1300°C. In the In,0O:-Ga,03—CoO system,
there was a stable ternary compound, In
GaCoQ, with the YbFe,O, structure. Pow-
der X-ray diffraction data are shown in Ta-
ble I; lattice constants, in Table II. Rather
extensive solubility of InGaCoQy in the
spinel phase, Ga,CoQO, is observed. The
solid solution ranges from Ga,CoQOy to Ing 4
Ga, ¢Co0O,, and the lattice constant varies
from a = 8.3229(1) A (Ga;CoO,) to a =
8.4260(4) A (Ing4Gag¢CoO4). The phase re-
lations in the In,0:—Ga;03;-CoO system at
1300°C is shown in Fig. 7.

The experimental data which establish
each of the phase relations in the In,Os-
A,03-BO systems at elevated temperatures
are shown in Table III.

When InGaCoO4 with the YbFe,O, struc-
ture was heated at 1500°C for 10 days, it
changed to a spinel type compound. It re-

ersibly converted to a YbFe,O, type com-
pound at 1300°C. On the other hand, the
YbFe;0, type of InGaCoO, decomposed to

TABLE Illa
THE PHASE RELATIONS IN THE In,03;-A,0;-CuO SYSTEM AT 1000°C

In303—F€203—CUO

In,0;-Ga,0;-Cu0O

Composition Period Composition Period
(mole ratio) (days) Phases (mole ratio) (days) Phases
1:0:2 10 2-2-5 0:1:1 6 Ga,CuOy
1:1:2 10 1-1-1-4 1:0:2 7 In:Cuy0s
1:1:1 10 2-2-1-7 1:1:2 14 1-1-1-4
3:3:2 10 3-3-1-10 1:1:1 14 2-2-1-7
1:8:1 27 2-2-1-7, Fe,CuQy, Fe,0; 25:35:40 24 1-1-1-4, 2-2-1-7, Ga,04
15:75:10 27 2-2-1-7, 3-3-1-10, Fe,04 40:25:30 10 1-1-1-4, 2-2-1-7, In,0;
20:75:5 24 3-3-1-10, Fe;0;, In,04 75:75:50 24 2-2-1-7, Ga,04
20:70: 10 24 3-3-1-10, In,O;, Fe 04 15:5:80 12 CuO, In,Cu,0s, 1-1-1-4
70:20:10 24 3-3-1-10, InyO4 40:10:50 12 In,Cuy0s, 1-1-1-4, In,0,
20:55:25 32 2-2-1-7, Fe;CuOy, Fe,0, 5:65:30 26 Ga,0s5, Ga:CuO,, 1-1-1-4
25:35:40 20 2-2-1-7, 1-1-1-4, Fe,CuO, 10:20:70 12 1-1-1-4, Cu0O, Ga,CuO,
40:25:35 6 In,0;, 1-1-1-4, 2-2-1-7 95:95:10 113 2-2-1-7, Ga,04
40:10:50 10 IO, 1-1-1-4, In,CuyOs 15:60:25 36 1-1-1-4, Ga,0s, 2-2-1-7
15:5:80 18 1-1-1-4, Cu0, In,Cu,0s 20:75:5 36 2-2-1-7. Ga,0,
5:65:30 18 2-2-1-7, Fe;0;, Fe;,CuOy 1:1:0 111 Gay0,
1:1:0 180 In;0;, Fe 05 35:60:5 36 2-2-1-7, Ga,04
95:95:10 60 3-3-1-10, In,0;, Fe 04
1:2:7 10 1-1-1-4, Cu0, Fe;,CuOy i-1-1-4: InGaCuQy
45:30:25 15 3-3-1-10, 2-2-1-7, In,O5 2-2-1-7: In,Ga,CuO,
2-2-5: Inz(:lhOs
1-1-1-4: InFeCuO,
2-2-1-7: In;Fe,Cu04
3-3-1-10: In;Fe;CuQyp
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TABLE IlIb
THE PHASE RELATIONS IN THE In:0:—A-0;—-CoO SYSTEM AT 1300°C

ln:Oz—FCZO}—COO

[1-0;-Ga.0:-Co0

Composition Period

Composition Period
(mole ratio) (days) Phases (mole ratio) (days) Phases
0:1:1 6 Spinel 0:1:1 6 Spinel
1:1:2 4 Spinel j:1:2 6 InGaCoQ,
15:35:55 6 Spinel 1:4:5 6 Spinel
20:30:50 6 Spinel 5:1:4 6 In>0);. InGaCoO,, CoO
10:40:50 6 Spinel 2:1:7 10 In-0:, InGaCo0,, CoO
5:45:50 6 Spinel 1:6:3 6 Spinel, Ga-0,
40:25:35 6 Spinel, In,0; 1:8:1 8 Spinel, Ga,0;
60:30:10 6 In-0;, spinel 1:2:7 8 InGaCoO,, Co0, spinel
30:55:15 6 In-0;. Fe,0s, spinel 1:1:1 8 {n,0;, spinel
1:1:1 6 In-0;, spinel §:2:3 10 In,0;, InGaCoQy, spinel
4:1:5 13 In-0. spinel, CoO 2:7:1 10 Spinel, Ga-O,
1:2:7 13 Spinel, CoO S0:35:15 10 In.0;. spinel, Ga.0:
10:55:35 13 Spinel, In,0;, Fe.04 7:3:0 13 In.0O;
1:0:2 13 In.0;. CoO 1:1:0 19 Ga-0,
25:50:258 7 In»0;, spinel, Fe-Os 1:2:0 19 Ga-0;

A
~]
=
(o)
A
~

Spinel, Fe-04
Spinel. In.0;
In-,0;, Fe.04

N

—_=

—_—

e tn

= g
hot

2 —
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In,0;, a spinel phase, and CoQO after heat
treatment at 1100°C for 3 days. The InFe
Co0y having a spinel structure also decom-
posed to In;0;, a spinel phase, and CoO
after heat treatment at 1100°C for 3 days. In
the LnABQO, (Ln: lanthanoid elements and
Y, A: trivalent metal, B: divalent metal) iso-
structural with YbFe,O,, the transition to
spinel structure has never been observed
(11), while it is possible in InGaCoO;. This
may be due to the rather small ionic radius
of In3* compared with that of the lanthanide
elements. Detailed study on this transition
is in progress.

It is interesting to note the difference be-
tween Fe** and Ga’* from the structural
point of view. It is well known that Ga3*
has a slightly smaller ionic radius than Fe3*
and prefers a tetrahedral site to an octahe-
dral one under a normal pressure (24).
However, in the In;03~A,0+—CuO systems,
Fe*' and Ga** seem to play similar roles in
view of the formation of layered structures.
(InFeO,),Cu0 (n = 1, 2, and 3) were found

in the In,03-Fe,0:;—CuO system as well as
(InGa05),,CuO (rn = 1 and 2) in the In,O5—
Ga,0;—CuO system. In contrast, InFeCoO,
never takes the YbFe,O4 structure but a
spinel one, while the InGaCoO, takes the
layered structure at 1300°C. Considering
the large ionic radius of In**, it was postu-
lated that the InFeCoQ, takes a structure
denoted as Fe[InCo]O, which is formed
simple replacement of Fe** by In’* in an
inverse spinel, Fe[FeCo]O, (26). Similarly,
it can be expected from tetrahedral site pre-
ferency of Ga’* that spinel type of InGa
Co0, takes a structure, Ga[InCo]O,. Table
IV shows the possible sites and ionic radii
of the cations after Shannon and Prewitt
(25), when InGaCoQy4 and InFeCoO, take
both spinel and YbFe,Qy structure (though
InFeCo0,4 does not, really, take the Yb
Fe,O, structure). As shown in this table,
the difference between ionic radii of five-
coordinated Fe** and Ga** is very small, as
well as between four-coordinated ones.
Based upon the simple spherical ionic
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TABLE 1V

THE IoniCc RADI (A) AND COORDINATION NUMBERS
oF In**, Co?*, Fe’*, AND Ga’* WHEN THE
InFeCoO, or THE InGaCoO, HAS THE SPINEL OR
THE YbFe,O,; STRUCTURE ACCORDING TO REF. (25)

Compound InFeCoO, InGaCoO,
In**(VI):0.80 In3*(VI):0.80
Spinel type Co?*(VI1):0.745 Co**(VI1):0.745

Fe3*(1V):049 Ga**(IV):0.47
In3*(VI1):0.80
Cor(V):0.67
Fe’*(V):0.58

In*+(VI1):0.80
Co*(V):0.67
Ga**(V):0.55

YbFe,0, type

02-:1.40
Fe* and Co?*: high spin state

model, we cannot, therefore, explain the
reason why InFeCoO, prefers the spinel
structure. It is, however, shown through
the present work that the YbFe,O, struc-
ture is not, thermochemically, widely dif-
ferent from the spinel type, but in the case
of InACoQ,, the factors controlling the
type of the structure may be very critical.

In view of the discrepancy between the
present work and that of Schneider et al.
(18) for the In,03~Ga,0; system at elevated
temperatures, further investigations of the
system are desirable, especially the X-
phase.
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