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The phase relations in the InZ03-FezZn04-ZnO system at 1350°C are determined by means of a 
classical quenching method. There are a series of homologous solid solutions, In~,~*F~.,?O~(ZnO)- 
InFeO,(ZnO), In,.~~Fe~.~~O~(ZnO)~-InFeO~(ZnO)~-In* 8sFei.r503(Zn0)2, In~O~(ZnO)~-InFeO~(ZnO)~- 
~no.78Fel.2203(zn0)3, Inz03(Zn0).,-InFe03(ZnO)~-Ino.aFe,,3~03(ZnO).,, Inz03(Zn0)5-InFe03(ZnO)5- 
In0.6-iFel 3,03(ZnOk In~0~~Zn0~~-InFeO~~ZnO~~-Ino.uFe~,~~03~ZnO~~, Inz01(ZnO),-InFeO,(ZnO)~- 
Ino.sIFe1,4903(Zn0)7, In203(ZnO)s-InFe03(ZnO)~-In,-~Fel,,0,(ZnO)~ (0.44 5 x 5 O&4), In103(Zn0)9- 
InFe03(ZnO)g-Ino.,BFe,,~,,03(ZnO)~, In~03(ZnO)10-InFe0,(Zn0),o-Inr-,Fel+,03(ZnO),, (0.74 5 x d 
0.89). In~O~(ZnO),,-InFeO~~nO),,-In,-.~Fe*~.~O~(ZnO),~ (0.60 S x < l-$0), and In203(Zn0),3-InFe03 
(ZnO),~-Fe~O~(ZnO)~~ having the layered structures with space group R3m (m = odd) or F6,/~mc (m 
= even) for m in the InFe03(ZnO),. We conclude that there are a series of homologous phases, 
(Fe,O,)(ZnO), (m 2 l2), in the binary ZnO-Fe203 system. The lattice constants for these solid 
solutions are presented as a hexagonal crystal system. It is also concluded that the crystal structures 
for each solid solution consist of three kinds of layers which are stacked perpendicular to the c-axis in 
the hexagonal crystal system. In I+XFe,~,03(ZnO), (0 5 x 5 1) is composed of the InOls, (In,Fe,-, 
Zn)Oz.5, and ZnO layers, and Ini~,Fe1+,03(ZnO), (0 5 x S 1) is composed of fInl-,FeX)01.5, 
(FeZn)Oz.s, and ZnO layers, respectively. The solid solution range between Fe2Zn04 and In,Fe?-,Zn04 
(x = 0.40 1. 0.02) with a spine1 structure is observed. o 199~ Academxc PWS, IX 

Introduction FeO&,CuO (n = 1, 2, and 3) and (In 
GaO&CuO (n = 1 and 2) having (Yb 

It may be interesting to analyze the rela- Fe03),Fe0 structures (S-5), and both In 
tion between crystal structures of complex FeO,(CoO) and InFeO,(MgO) having spine1 
inorganic compounds and their constituent structure (I, 2). Kasper prepared In203 
cations. In previous papers (1, 2), we pre- (ZnO), (m = 2-5, and 7) in the InzOj-ZnO 
sented the phase relations in the In203- system at 1050-1550°C and reported their 
Fez03-CuO system at lOOO*C, In203- conditions of synthesis and the lattice con- 

Ga,O,-CuO system at loooOc, stants as those in a hexagonal system (6). 
In203-Fez03-Co0 system at 1300°c, Cannard and Tilley (7) observed In203 
In203-Gaz03-Co0 system at 13Oo”C, and (ZnO), (m = 4-7,9, and 11) by high resolu- 
In203-FezMg04-MgO system at 13OO”C, tion electron microscopy and concluded 
which were determined by means of a clas- from their lattice images for each phase that 
sical quenching method, and showed (In the structures of In203(Zn0), are com- 

posed of both the 1nOi.s and ZnO layers. In 
’ To whom correspondence should be addressed. the R203-&03-ZnO system at elevated 
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PHASES IN In203-Fe2Zn04-ZnO AT 1350°C 17 

temperatures, ~~O~(ZnO)~ (R = SC and 
In; M = Fe, Ga, and Al) having layered 
structures with space groups R3m (m = 
odd) or P6Jmmc (m = even) were synthe- 
sized and the crystal structural models for 
each compound composed of ROI,5, 
(1MZn)Oz,5, and ZnO layers were presented 
by Kimizuka et al. (8). RiM0@nO) is iso- 
structural with YbFe204 (3). R’M03(ZnO),n 
(R’ = Lu, Yb, Tm, Er, Ho, and Y) and 
R’~O~(~‘O)~ (R’ = SC, In, Lu, Yb, Tm, 
Ho, Er, and Y; M = Fe, Ga and Al; M’ = 
Mg, Mn, Co, and Fe(I1)) which were iso- 
structural with InFe03(ZnO), were re- 
ported by Kimizuka and Mohri (9) and 
Kimizuka et al. (2), respectively. In the 
present paper, we report the phase rela- 
tions in the In203-Fe2Zn04-ZnO system at 
1350°C which were determined by means of 
a classical quenching method, and show a 
series of homologous solid solutions which 
are isostructural with InFe03(ZnO),. The 
In,+,Fel-,O&ZnO), structure (the value of 
x for each m is given in the fifth column of 
Table II) is interpreted as the stacking of Z 
* 1 In01,5, Z * 1 (In,Fel-,Zn)02,5, and Z * 
(m - 1) ZnO layers perpendicular to the c- 
axis in the unit cell (Z is the molecular num- 
ber in the unit cell; Z = 3 for m = odd, Z = 
2 for m = even). In,-~Fe,+~O~(ZnO)~ (the 
value of x for each m is given in the last 
column of Table II) is consisted of Z * I 
(Inl-xFeJ01.5, Z * 1 (FeZn)Oz,5, and Z * (m 
- 1) ZnO layers. 

Experimental 

In203(99.9%), Fe203(99.99%), and ZnO 
(99.99%) were used as starting compounds. 
Prior to mixing, In203 was heated at 800°C 
for one day, ZnO at 1000°C for half a day, 
and FeZOx at 1000°C for one day. Calcu- 
lated amounts of the starting compounds 
were weighed and thoroughly mixed in an 
agate mortar under ethyl alcohol. Each of 
the mixtures was sealed in a Pt tube and 
heated in a vertical quench furnace with a 

SIC heating element. The temperature was 
maintained at 1350 t 3°C by a PID elec- 
tronic controller. After heat treatment, the 
samples were rapidly cooled to room tem- 
perature, and supplied to X-ray powder dif- 
fractometry for phase identification and 
measurement of the lattice constants. The 
samples were heated successively until 
equilibrium was obtained. It was consid- 
ered that equilibrium was attained when the 
X-ray powder diffraction pattern of a speci- 
men showed no change with successive 
heat treatment of the specimen. In order to 
ascertain whether the equilibrium states in 
the ternary system were reached or not, we 
heated some of mixtures containing binary 
compounds and/or ternary compounds 
which were prepared from the starting com- 
pounds, besides heating the mixture com- 
posed of InZ03, Fe203, and ZnO. We ob- 
tained the same phase assemblages from 
different starting mixtures with the same 
chemical compositions. Lattice constants 
were calculated by means of the least- 
squares method. When the samples were 
obtained in single phase states, we esti- 
mated the stoichiometry from the mixing 
ratio of the starting compounds. Before and 
after each heat treatment, the weights of 
the tubes including the samples were mea- 
sured. No evaporation of the samples could 
be detected in the process of heat treat- 
ment. Although chemical reaction between 
the Pt tube and the samples were checked 
visually, no detectable reaction was ob- 
served. Some of the samples obtained were 
supplied for SEM and high resolution elec- 
tron microscopy in order to observe the 
morphology and the lattice images for the 
layered compounds. 

Results and Discussion 

(Z) The Phase Relations in the 
ZnzOj-FezZn04-ZnO System at 1350°C 

The phase relations in the In203- 
Fe$nO~-ZnO system at 1350°C are shown 
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FIG. 1. The phase relations in the IqOr-Fe*ZnO.,-ZnO system at 1350°C. Symbols and numbers in 
the figure are as follows; A,: (0.320, 0.180, O.SOO), Az: (0.250, 0.250, O.SOO), Ai: (0.100, 0.400, O.SOO), 
Ad: (0.064, 0.436, OSOO), AS: (0.041, 0.459, O.SOO), An: (0.026, 0.474, OSOO), A,: (0.021, 0.479, O.SOO), 
As: (undetermined), Ag: (0.011, 0.489, 0.500). B1: (0.282, 0.051, 0.667), Bz: (0.214, 0.119, 0.667), 
BI: (0.160, 0.173, O&67), B,,: (0.141, 0.192, 0.667). C,: (0.250, O.O~, 0.750), C2: (0.212,0.038, 0.750), 
C,: (0.111, 0.139, 0.750), Cd: (0.084, 0.166, 0.750). D,: (0.200, 0.000, 0.800), DZ: (0.080, 0.120, 0.800), 
4: (0.062, 0.138, 0.800). El: (0.167, 0.000, 0.833), EZ: (0.056, 0.111, 0.833), E,: (0.041, 0.126, 0.833). 
F,: (0.143,0.~,0.857), F,: (0.~3-0.030,0.1~0.113,0~857), F~:(betweenF~andO.O30,0.113,0.857). 
G,: (0.125, 0.000, 0.875), Gz: (0.031, 0.094, 0.875). H,: (0.111, 0.000, 0.889), Hz: (0.031-0.020, 0.08% 
0.091,0.889). I,: (O.lOO,O.OOO, 0.900), Ir: (0.010,0.090,0.900). J,: (0.091,0.000,0.909), Jz: (O.Oll-0.005, 
0.079-0.086, 0.909). Ki: (0.083, 0.000, 0.917), Kz: (0.017-0.000, 0.066-0.083, 0.917). Lr: (0.077, 0.000, 
0.923), L2: (0.000, 0.077,0.923). MI: (0.071,0.000,0.929), M,: (0.000,0.071,0.929). NE: (0.080,0.480, 
0.440). 

in Fig. 1. Mixing ratio of the starting com- the present system are shown in Tables 
pounds, heating periods, and phases ob- I(A) and I(B). In the In203-ZnO system, 
tained for establishing the phase relations in there exist homologous binary phases, In2 
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Fe203 

FIG. I-Continued 

03(ZnO), (m = 3-13), which are isostruc- 
tural with InFe03(ZnO),. Kasper (6) origi- 
nally prepared InzOj(ZnO), in air at ele- 
vated temperatures and reported the lattice 
constants of the samples obtained under the 
conditions of synthesis. Cannard and Tilley 
(7) concluded from the lattice images for 
InzOj(ZnO), by a high resolution electron 
microscopy that the structures having the 
layered structures are composed of InO,,s 
and ZnO layers. We could not observe In2 
07(ZnO), (m = I and 2) at 1350°C. The 
reaction rate of formation for InzO~(ZnO),, 
(m = even) from both InzOj and ZnO pow- 
ders were much slower than that of In203 
(ZnO),, (m = odd). Although In20j(ZnO),, 
(3 5 m 5 13) is clearly identified by means 
of powder X-ray diffractometry, In203 
(ZnO), (m 2 14) heated at 1350°C could not 
be identified, because X-ray powder dif- 
fraction peaks were too broad. The phases 
obtained between In203(ZnO), (m = 13) 
and ZnO are different from both ZnO and 

InzOj(ZnO)i3, therefore it is clear that there 
should exist InzOj(ZnO), (m 2 14) between 
ZnO and In203(Zn0)i3. A couple of mix- 
tures in the InzOj-ZnO system were heated 
at 1550°C and the results are shown in Ta- 
ble I(C). We did not explicitly describe the 
phases with m 21 14 in Fig. 1. However, we 
can guess from the viewpoint of the struc- 
tural aspect that there should exist infinite 
numbers of phases to be described as In203 
(ZnO), between ZnO and In203(ZnO), (m 
= 13). The crystallographic considerations 
to the phases of In203(ZnO), will be de- 
scribed in Section II. The lattice constant of 
In203 phase in equilibrium with In203 
(Zn0)3 and that of the In203 in a single 
phase state are a = 1.01 l(1) (nm) and a = 
1.012(l) (nm) (JCPDS Card No. 6-416 
shows a = 1.0118 (nm)), respectively. We 
concluded that the In203 phase does not 
have a solid solution range in the direction 
to ZnO. The lattice constants of the In20j 
phase which is in equilibrium with various 



TABLE I(A) 
MIXING RATIO OF THE STARTING COMPOUNDS fInzOa, FezOj, ZnO,), HEATING PERIOD, AND 

PHASES OBTAINED IN THE Inz03-Fe&O,-ZnO SYSTEM AT 1350°C 

Mixing ratio of Heating 
starting compounds Period Phases and their lattice constants (run) 
(in mole ratio) 
In2'3 Fe203 ZnO (Day) 

2 0 I. 3+3 Ina 

III 

1 0 1 3+3 Ina 

III 

16 9 25 3+8 I 

27 23 50 7+3+4 I 

1 1 2 3+3+4+3+8 I 

37 3 80 3+8 In2'3 

III 

7 3 20 

1 1 4 

23 27 100 

1 

1 

4 

1 

52 

1 

0 

1 

1 

73 

5 

3 

15 

6 

375 

4+3 

3+3 

4+4 

3+3 

3+7 

3 

3+3 

4+4 

II 

II 

II 

II 

III 

III 

III 

III 

III 

a=l.Oll(l) 

a=0.3342(1) 
c=4.243 (1) 

a=l.Oll(lf 

a=0.3350(1) 
c=4.246 (1) 

a=0.3341(1) 
c=2.635 (1) 

a=0.3325(11 
c=2.615 (1) 

a=0.3320(1) 
c=2.610 (1) 

a=l.Oll(lf 

a=0.3341(1) 
c=4.229 (1) 

a=0.333411) 
c=2.278 (1) 

a=0.3309(1) 
c=2.258 (1) 

a=0.3301(1) 
c=2.257 (1) 

a=0.3306(1) 
c=2.258 (1) 

a=0.3298(1) 
c=4.164 (1) 

a=0.3351fl) 
c=4.248 (1) 

a=0.3322(1) 
c=4.210 (1) 

a=0.3299tl) 
c=4.166 (1) 

as0.3286(1) 
r=4.168 (1) 

20 



Mixing ratio of 
starting compounds 
(in mole ratio) 
In203 Fe203 ZnO 

Heating 
Pel-lud Phases and their lattice constants (nm) 

(Day) 

1 

2 

1 

3 

1 

7 

3. 

2 

1 

7 

1 

1 

2 

1 

0 

0 

1 

1 

13 

1 

0 

0 

3 

1 

2 

0 

7 

7 

4 

16 

8 

80 

9 

9 

5 

50 

10 

15 

11 

3+3 III 

IV 

3+3 III 

IV 

4 IV 

3*4 IV 

3+3 IV 

7*3 IV 

3+3 IV 

V 

3*3 IV 

V 

3 V 

3 v 

3*3 Y 

7 V 

3+3 V 

a=O.3295111 
c=4.165 (11 

a-0.3290flf 
c=3.296 (11 

a=O.335011) 
c=4.247 (1) 

a=O.3335(1) 
c=3.351 (1) 

a=0.3337(1) 
c=3.353 (1) 

a=0.3315(11 
c=3.320 (11 

a=0.3292(1) 
c=3.298 (1) 

a=0.3271(1) 
c=3.301 (1) 

a=O.3289El) 
c=3.296 (1) 

a=0.3285fff 
ca5.722 (11 

a=0,3334(1) 
c=3.352 (1) 

a=O.3324(1) 
c=5.806 (1) 

a=O.3326jlf 
c=5.810 (11 

a=0.3304(1) 
c=5.750 411 

a=0,3287(1) 
c=5.727 (1) 

a=O,3265(1) 
c=5.734 (11 

a=0.3320(1> 
c=5.808 (11 

21 



TABLE I(A)-Continued 

Mixing ratio of Heating 
starting compounds Period Phases and their lattice constants (nm) 
(in mole ratio) 
In2'3 Fe2o3 ZnO (Day) 

1 

3 

1 

3 

1 

17 

3 

1 

7 

1 

3 

1 

7 

1 

3 

1 

0 

1 

1 

7 

0 

3 

18 

18 

6 

24 

12 

60 

7 

35 

14 

8 

32 

16 

9 

36 

18 

3 

4+3 

3+3 

7+3 

3 

3 

3+3 

3+3 

3+4 

3+3+3 

3+4 

3+3+3+4+7 

4+4 

3 

3 

3+3+3+4 

VI 

VI 

VI 

VI 

VI 

VII 

VII 

VII 

VII 

VII 

VIII 

VIII 

VIII 

VIII 

IX 

IX 

IX 

a=0.3315(1) 
c=4.389 (1) 

a=0.3316(1) 
c=4.394 (1) 

a=0.3301(1) 
c=4.361 (1) 

a=0.3283(1) 
c=4.339 (1) 

a=0.3258(1) 
c=4.335 (1) 

a=0.3310(1) 
c=7.370 (1) 

a=0.3302(1) 
c=7.346 (1) 

a=0.3286(1) 
c=7.293 (1) 

a=0.3279(1) 
c=7.286 (1) 

a=0.3256(1) 
c=7.289 (1) 

a=0.3304(1) 
c=5.432 (1) 

a=* 
c=5.386(68) 

a=* 
c=5.374(17) 

a=0.3257(3) 
c=5.376 (5) 

a=0.3299(1) 
c=8.926 (1) 

a=0.3288(1) 
c=8.879 (1) 

a=0.3274(1) 
c=8.843 (1) 

22 



TABLE I(A)-Continued 

Mixing ratio of 
starting compounds 
(in mole ratio) 
In2'3 Fe2o3 ZnO 

Heating 
Period Phases and their lattice constants (nm) 

(Day) 

3 

1 

0 

1 

3 

1 

1 

0 

1 

3 

1 

1 

0 

0 

1 

7 

9 

1 

0 

1 

1 

3 

1 

0 

1 

1 

4 

1 

1 

0 

90 

90 

9 

10 

40 

20 

40 

10 

11 

44 

22 

55 

11 

12 

13 

3+4 

3+4 

3+3+7 

3+3+7 

3+3 

3+2+3 

3+3 

3+4 

3 

3+3 

3+4+4 

3+4 

3+4+4 

3+3+4 

3+7+3 

IX 

XI 

spine1 

XII 

spine1 

X 

X 

X 

X 

XII 

spine1 

XI 

XI 

XI 

XI 

XII 

spine1 

XII 

XIII 

a=* 

c=6.545(57 1 

a=* 
c=6.470(57 1 

a=* 
c=6.427(69 1 

a=* 
c=6.462(79 1 

a=0.3246(3 1 
c=7.421(9) 

a=0.3251(2) 
c=10.42 (1 1 

a=0.3242(3 1 
c=7.425(8) 

a=0.8433(3 ) 

a=0.3243(2 '1 
c=7.422(7) 

a=0.3256(1) 
c=8.845 (3) 

a=0.3243(2) 
c=10.41 (1) 

a=0.8445 

a=0.3243(1) 
c=7.442(2) 

a=0.8440(1) 

a=0.8436(1) 

a=0.3292(1) 
c=10.49 (1) 

a=0.3276(1) 
c=10.44 (1) 

a=0.3268(1) 
c=10.39 (1) 

a=0.3284(1) 
c=12.04 (1) 

23 



TABLE I(A)-Continued 

Mixing ratio of 
starting compounds 
(in mole ratio) 
In2’3 Fe2o3 ZnO 

Heating 
Period Phases and their lattice constants (run) 

(Day) 

1 1 26 3+3 

1 6 91 3+4 

0 1 13 3+4 

1 0 15 7+7 

0 1 19 7+3 

0 1 39 3+8+7 

6 1 13 4+2+3 

6 3 11 3+3 

1 1 3 7+4 

13 2 35 

9 3 28 

3+3 

3+3 

XIII 

XIII 

XIII 

xv 

IXX 

Ixxxx 

In2’3 

II 

In2’3 

I 

II 

I 

II 

In2’3 

II 

III 

II 

III 

a=0.3269(2) 
c=11.96 (1) 

a=0.3250(3) 
c=11.93 (1) 

a=0.3241(3) 
c=11.91 (1) 
a=0.3284(1) 
c=13.63 (1) 

a=0.3240(2) 
c=16.55 (1) 

a=0.3248(1) 
c=32.19 (1) 

a=l.Oll(l) 

a=0.3351(1) 
c=2.295 (1) 

a=1.009(1) 

a=0.3341(1) 
c=2.635 (1) 

a=0.3326(1 
c=2.273 (1 

a=0.3319(1 
c=2.609 (1 

a=0.3308(1 
c=2.257 (1 

a=l.OlO(l) 

a=0.3351(1) 
c=2.294 (1) 

a=0.3336(1) 
c=4.217 (1) 

a=0.3343(1) 
c=2.284 (1) 

a=0.3331(1) 
c=4.203 (1) 

24 



Mixing ratio of Heating 
starting compounds Period Phases and their lattice constants (nm) 
(in mole ratio) 
In2'3 Fe203 ZnO (Day) 

27 9 124 

3 1 

3 4 

3 1 

1 2 

3 1 

.3 I 

2 1 

1 1 

18 

33 

22 

17 

26 

30 

2 

1 

3+3 

3+3 

4+3 

3+3 

3+3 

3+3 

3+3+3+7 

4+3 

4+7 

III 

IV 

IV 

V 

IV 

V 

V 

VI 

V 

VI 

VI 

VII 

VII 

VIII 

In2'3 

I 

In2'3 

I 

a=0.3326(1) 
c=4.201 (1) 

a=0.3316(1) 
c=3.320 (1) 

a=0.3318(1 
c=3.320 (1 

a=0.3309(1 
c=5.760 (1 

a=0.3285(1 
c=3.300 (1 

a=0.3279(1) 
c=5.726 (1) 

a=0.3307(1) 
c=5.765 (1) 

a=0.3301(1) 
c=4.362 (1) 

a=0.3270(2) 
Cf5.735 (3) 

a=0.3268(7) 
c=4.344 (7) 

a=0.3300(1) 
c=4.362 (1) 

a=0.3298(1 
c=7.313 (1 

a=0.3295(1 
c=7.319 (2 

a=0.3293(1 
c=5.398 (1 

a=1.006(1) 

a=0.3328(1) 
c=2.618 (1) 

a=1.004(1) 

a=0.3320(1) 
c=2.611 (1) 

25 



TABLE I(A)-Continued 

Mixing ratio of 
startfng compounds 
(in mole ratio) 
In2’3 Fe2o3 ZnO 

Heating 
Period Phases and their lattice constants (run) 

(Dar) 

3 3 4 

16 40 44 

13 

2 

1 

0 

1 

4 

8 

3 

2 

40 47 

3 5 

3 4 

1 1 

9 10 

21 25 

48 44 

6 11 

7 11 

4+7 

3+3 

3+3 

3+3+3 

3*3+3+8 

3 

3+3+3 

3+3+3+3 

3 

3+3 

3+3 

spine1 

In2’3 

I 

spine1 

I*2’3 

I 

spine1 

I 

spine1 

I 

spine1 

I 

spine1 

spine1 

spine1 

spine1 

spine1 

I 

II 

spine1 

II 

spine1 

a=0.8538(1) 

a=1.004(1) 

a=0.3321(1) 
c=2.609 (1) 

a=0.8535(1) 

a=1.003(1) 

a=0.3320(1) 
c=2.609 (1) 

a=0.8537(1) 

a=0.3318(1) 
c=2.609 (1) 

a=0.8535(1) 

a=0.3316(1) 
c=2.608 (1) 

a=0.8525fl) 

a=0.3313(1) 
c=2.611 (1) 

a=0.8528(1) 

a=0.8441(1) 

a=0.8485(11 

a=0.8510(1) 

a=0.8509(1) 

a=0.3316(1) 
c=2.610 fl) 

a=0.3305(1) 
c=2.258 (1) 

a=0.8530(1) 

a=0.3298(1) 
c=2.259 (1) 

a=0.8506(1) 

26 
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TABLE I(A)-Continued 

Mixing ratio of 
starting compounds 
(in mole ratio) 
InZ03 Fe203 ZnO 

Heating 
Period Phases and their lattice constants (nm) 

(Day1 

2 5 

1 5 

1 4 

1 3 

37 200 

13 

10 

15 

16 

763 

313 

3+3+7 

3+3 

3+3 

4+4+4 

3+3 

1 4 35 4+3 

0 1 2 

II 

III 

spine1 

III 

spine1 

IV 

V 

spine1 

V 

spine1 

V 

VI 

spine1 

VII 

VIII 

spine1 

XII 

spine1 

a=O.3293613 
c=2.259 (1) 

a=0.3291(1) 
c=4.166 (1) 

a=0.8496(1) 

a=0.3280(1) 
c=4.172 (1) 

a=0,8476(1) 

a=0.3260(1) 
c=3.304 (1) 

a=0.3269(1) 
c=5.732 (1) 

a=0.8463(1) 

a=0.3264(1) 
c=5.739 (1) 

a=0.8463(1) 

a=O.3260(1) 
c=5.746(1) 

a=0.3257(2) 
c=4.352(2) 

a=0.8459(1) 

a=0.3252(1) 
c=7.297 (3) 

a=* 
c=+ 

a=0.3238(1) 
c=7.455 (4) 

a=0.8440(1) 

Note. The bomoiogous phase with m = 1, 2, . . . , or 13 in the In~eO~(ZnO?~ is defined as Phase-I, 
Phase-II, . . . , or Phase-XIII. The lattice constants with * could not be determined. 
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TABLE I(B) 

MIXING RATIO OF THE VARIOUS STARTING PEIASES, HEATING PERIOD, AND PHASES OBTAINED 
IN THE I@-Fe2Zn0,-ZnO SYSTEM AT 1350°C 

Mixing ratio Heating Phases 
of starting phases Period and 
(in mole ratio) (Day) their lattice constants (nm) 

InFe03(Zn0)3:InFe03(Zn0)4:Fe2ZnO4 4+3 III a=0.3283(1) 
=8:5:7 c=4.171 (1) 

spine1 a=0.8483(1) 

InFe03(ZnO)4:InFe03(ZnO)5:Fe2Zn~4 
=5:9:6 

Ina : Fe2Zn04 
=l:l 

4+3 III 

IV 

spine1 

7 In2’3 

I 

spine1 

3 IX 

XI 

XII 

XIII 

a=0.3279(1) 
c=4.174 (1) 

a=0.3277(1 
c=3.301 (1 

a=0.8477(1 

a=1.003(1) 

a=0.3317(1 
c=2.607 (1 

a=O.8529(1) 

a=* 
c=8.933 

a=0.3289(1) 
c=10.48 (If 

a=* 
Cl* 

a=* 
c=12.01 (3) 

Note. The homologous phase with IE = 1, 2, . . . , or 13 in the lnFeO~(ZnO)~ is defined as 
Phase-I, Phase-II, . . . , or Phase-XIII. The lattice constants with * could not be determined. 

phases are shown in Fig. 2. In the ZnO- the chemical compositions and the struc- 
FezZnOd system there exist new binary tures for these phases will be given later. It 
phases. The reaction rate of formation for was concluded that no solid solution of the 
Fe203(ZnO), from both Fe203 and ZnO spine1 phase to the direction to ZnO phase 
powders is not so slow that we could obtain exists, since no volume change of the unit 
each of the single phases in the system. cell was detected between stoichiometric 
They seem to belong to a distorted wurtzite FezZnOd in a single phase state and that in 
phase; however, they are eventually ho- equilibrium with the Fe203(ZnO), phase (m 
mologous phases with composition, = 12). The lattice constant of FezZn04 is a 
Fe203(ZnO), (m B 12). The details of both = 0.8439(l) (nm) (JCPDS Card No. 22-1012 
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TABLE I(C) 

MIXING RATIO OF THE STARTING COMPOUNDS (In,03, FezOj, ZnO), HEATING PERIOD, AND 
PHASES OBTAINED IN THE Inz03-Fe2Zn04-ZnO SYSTEM AT 1550°C 

Mixing ratio 
of starting compounds 
(in mole ratio) 

In203 Fe2o3 ZnO 

Heating 
Period Phases and their lattice constants (nm) 

(Hour) 

1 0 10 24 IX 

X 

1 40 4+22 X 

1 20 18 IX 

X 

1 0 2 3+24 In2’3 

III 

XI 

XI 

1 0 20 24 xx 

1 1 40 24 xx 

a=1.012(1) 

a=0.3354(1) 
c=4.251 (1) 

a=* 
c=8.930(28) 

a=+ 
c=6.471(38) 

a=* 
c=10.49(1) 

a=* 
c=6.471(71) 

a=* 
c=r 

a=* 
c=* 

a=0.3272(1) 
c=10.40 (1) 

a=0.3271(1) 
c=11.64 (1) 

a=0.3259(2) 
c=11.61 (2) 

Note. The homologous phase with m = 1, 2, . , or 13 in the lnFeO,(ZnO), is defined as Phase-l, 
Phase-II, , or Phase-XIII. The lattice constants with * could not be determined. 

shows a = 0.84411 (nm)). In the Fe2Zn04- 
In203 system, there exists no binary phase, 
but the ranges of solid solutions of both the 
spine1 and InZ03 were observed from the 
volume changes of each unit cell. The solid 
solution of spine1 phase was observed in the 
range between Fe2Zn04 and In,Fe2-,Zn04 
(x = 0.40 + 0.02). The relation between the 
lattice constant and the concentration of 
In203 is shown in Fig. 3. Our main purpose 

is in the area of the layered compounds, so 
we did not investigate the details of this 
spine1 phase region so intensively as in the 
layered compounds area. 

In the ternary Inz03-Fe2Zn04-ZnO sys- 
tem, there exist InFeOj(ZnO), (m = inte- 
ger) types of homologous solid solutions. In 
the case of m = 1, the solid solution of 
Inl+,Fel-,03(ZnO)-InFeO3(ZnO) exists. In 
the case of m = 2, the solid solution range 
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‘63 
In203 

Of A 

FeeinOs 

FIG. 2. The lattice constants of Inz03 phase which is 
in equilibrium with various phases: (1) Phase-III, (2) 
Phase-I and Phase-II, (3) Phase-I, (4) Phase-I and 
spinel, (5) Phase-I and spinel, and (6) Phase-I and 
spinel. 

of In~+*Fe~-~O~(Zn~~~-InFeO~(ZnO)~- 
In,-~Fe,+~O~(ZnO~~ exists. In the case of 
m = 3 to 7, each of the solid solution ranges 
of In~03(Zn0),-InFe03(ZnO),-lnl -,Fe r +.r 
Oj(ZnO), exists. The formation reaction of 
InFe03(ZnO), (m = even) is much slower 
than that of InFeOj(ZnO),, (m = odd) as in 
the binary system InzOj--ZnO. The phases 
with m = 8, IO, and 12 (except Fe203 
(ZnOM could not be obtained as the single 

phase state within our present experimental 
conditions; however, the quantity of these 
phases increased with increasing heating 
period. Therefore, we concluded that these 
phases should be stable. We could not 
present both the solid solution ranges and 
the lattice constants for these phases so 
correctly as in the experimental data for the 
case of m = odd. In the case of phases with 
m = 12 and 13, the solid solutions range 
from In~O~{ZnO)~ to FezO&ZnO),~~ includ- 
ing InFeO~(ZnO)~. The solid solution 
ranges in each phase, the lattice constants 
and space group are listed in Table II to- 
gether with the data reported by Kasper 
(6), Cannard and Tilley (7), and Kimizuka 
et al. (8). The characteristic features of the 
phase relations in the present ternary sys- 
tems are summarized as follows. Phase-I is 
in equilib~um with In203, Phase-II, and 
spinel. Phase-II is in equilibrium with 
InzOx, Phase-I, Phase-III, and spinel. 
Phase-III is in equilibrium with In203, 
Phase-II, Phase-IV, and spinel. Phase-IV is 
in equilibrium with Phase-III, Phase-V, and 
spinel. Phase-V to Phase-XII have similar 
phase relations to Phase-IV. Phase-XIII or 
its higher order should be in equilibrium 
with two other homologous phases on both 

x in lnxFe2dn04 

0.644tf , , , , . , 11 , , . , , . , , . , 1 
0 5 

In203’Tfn0ksj 
15 20 

FIG. 3. The lattice constants of In,Fe*-,ZnO, with spine1 structure x = o-0.40. 
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sides. Fe203(Zn0)r2 was obtained in Phase- 
XII; however, neither In20J(Zn0)r2 nor In 
Fe03(Zn0)r2 was observed in a single phase 
state. In203(Zn0)r5 in Phase-XV was ob- 
tained at 1550°C. ZnO is in equilibrium with 
a very high order homologous phase which 
we could not describe exactly here. Solid 
solutions of the layered phases with nonin- 
tegral m could not be detected within our 
experimental conditions. 

(II) Crystal Structural Consideration for 
the Homologous Solid Solution of 
Zn203(ZnO),-ZnFeO3(ZnO),,,-Znl-, 
FeI+.03(ZnO), (m = Integer) 

InFeOj(ZnO), (m = 1 and 2) obtained by 
solid state reactions from In203, Fe20j, and 
ZnO powders at 1350°C were observed by 
SEM. We could see well-developed plate- 
like single crystals. The lattice constants 
for the homologous solid solutions of 
the In203(Zn0),-InFe03(ZnO),,-In, --’ 
Fe,+,Oi(ZnO), are shown as a hexagonal 
system in Fig. 4. 

Kimizuka et al. (8) reported that InFe 
03(ZnO) is isostructural with YbFezOd (3) 
composed of both YbOl.s and Fez02,5 lay- 
ers, and InFe03(Zn0),,,, of InO,.s, 
(FeZn)Oz.s, and ZnO layers. The crystal 
structural models for the compounds In 
Fe03(ZnO). InFeOj(ZnO)z, InFe03(Zn0)3, 
and InFe03(Zn0).+ as the representatives in 
InFe03(ZnO), compounds are shown in 
Figs. 5A, 5B, 5C, and 5D, respectively. In 
InFe03(ZnO), In3+ ion is in the octahedral 
site, and both Fe3+ and Zn2+ ions are in the 
trigonal bipyramidal site. In InFe03(ZnO), 
(m ?- 2), the In ion and both the Fe and Zn 
ions are located as in InFe03(Zn0), but ad- 
ditional Zn ions are in the tetrahedral site. 
These crystal structural models were con- 
cluded from the crystallographic consider- 
ation to (YbFe03),Fe0 (n = 1, 2, and 3) 
structures and the powder X-ray data of In- 
Fe03(ZnO), (m = I, 2, 3, and 4) com- 
pounds (3-5, 10, and II). From these crys- 
tal models, it is easy to understand the 

relation between a (or c) and the Fe203 con- 
centration in the region between Inz03 
(ZnO), and InFe03(ZnO),. As shown 
in Fig. 4, the lattice constants a and c 
decrease with increasing Fe203 concentra- 
tion. From the above consideration, there- 
fore, in the Inr+.Fer-,03(ZnO), com- 
pounds, the Fe in (FeZn)Oz.5 layers is 
replaced by In3+ forming (In,Fel-,Zn)O~.s 
layers. So the Inr+,Fer-,03(Zn0), com- 
pound should exist in Z * 1 pieces of In01.5, 
Z * 1 (In,Fel-,Zn)02.5, and Z * (m - 1) ZnO 
layers. So we can calculate the c values 
from the following equation as already dis- 
cussed in the literature (a), 

C calcd = {P + 4 + (m - 1) * r> * & (1) 

where &kd (nm) is the thickness of the unit 
cell of the compounds, InFe03(Zn0), or 
In203(ZnO),. p, thickness of InOl.s layer 
(nm); q, thickness of (FeZn)02,5 or (InZn) 
02.5 layer (nm); r, thickness of ZnO layer 
(nm); Z, molecular number in a unit cell. 
We listed experimental values together 
with calculated values from the above 
equation in Tables III(A) and III(B), in 
which (p + q) = 0.8951 (nm) and r = 0.2602 
(nm) were hypothetically used for In203 
(ZnO),. In the case of InFe03(ZnO),, we 
could calculate C&d (nm) in the same 
model using (p + q = 0.8701 (nm) and r = 
0.2596 (nm). Note that (f) x (c = 0.5207) 
(nm) is equal to 0.2604 (nm), where c means 
the lattice constant of ZnO (II). Also we 
show the relation between c&d/Z and m in 
Figs. 6A and 6B. We can see a good linear- 
ity in them. In the region of the InFe03 
(ZnO),-Inr-,Fer+,03(ZnO),, the a-axis de- 
creases with increasing concentration of 
Fe3+, but slight change in the c-axis was 
actually observed (Fig. 4). In this region, 
the In3+ in the InOr. layer is replaced by 
Fe3+, forming the (Inl~,Fe,)O,,S layer. So 
there should exist (Inl-,FeJO,,S, (FeZn)Oz.s, 
and ZnO layers. When In3+ is partly substi- 
tuted by Fe3+, the octahedron in which In3+ 
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centrally exists will be shrunk. This shrink- (ZnO),, and FezO,{ZnO),. From the de- 
age effect upon the u-axis is clearly greater pendence of both the a and c values upon 
than that on the c-axis. The a values for the the Fe3+ concentration in both In203 
compounds Fe203(ZnO), were calculated (ZnO),-InFeO&ZnO), and In- 
based upon InFe03(ZnO), type of crystal FeO~(ZnO),-Inl-,Fei+XO~(ZnO), regions, 
structures. We show the dependency of the we can safely conclude that the crystal 
a upon the m in Fig. 6C. We can see that all structural model for InFeO3(ZnO), com- 
of the a values approach the a of wurtzite posed of the stacking of InOi.5, (FeZn)02,s, 
with increasing m in In~O&ZnO),, InFeOj and ZnO layers is quite satisfactory. The 
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three kinds of triangular lattices. M sites are occupied by Fe and/or Zn ions. @, In ion; 0, Fe and/or Zn 
ion; 0, 0 ion. 

structural analyses for single crystal of Lu In conclusion, (i) there are a series of ho- 
Fe03(ZnO), (m = 1, 4, 5, and 6) which are mologous solid solutions, In203(ZnO),-In 
isostructural with InFe03(ZnO), are in pro- Fe03(Zn0),-Inl-,Fel+xO~(ZnO), (m = l- 
gress by Isobe (12). 13) at 135O”C, (ii) in the binary ZnO-Fe203 
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system, there should exist Fe,O@nO), (m 03(ZnO),. We will report the detailed crys- 
2 12) which are isostructural with In- tal structures of the phases in the vicinity of 
Fe03(ZnO), at 135O*C, and (iii) the crystal ZnO in the system ZnO-Fe203 at 1350°C in 
structures for the homologous solid solu- the near future, and clarify whether the 
tions are composed of the In01.5, (Iq-,Fe, phases will be able to be identified by 
Zn)02.5 and ZnO layers in the region of In2 means of a distorted wurtzite structure or a 
O&ZnO),-InFeO&ZnO),, and (In,-,Fe,) series of homologous phases, Fe20x(ZnO), 
01,5, (FeZn)Oz,5, and ZnO layers in the re- with InFe03(ZnO),-type structure (m = in- 
gion of the InFe03(ZnO)m-Inl-XFe1+, teger). 
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TABLE III(A) 

c obdd. (nm) AND Cc,,,. (nm) FOR In~O~(ZnO)~ C0h4~0ut-iO~ 

Compound C obsd. (nm) C ca~cd. b-4 c obsd. (nm)-Ccdcd. bm) 

In209(ZnO) 2.685 

(61 In203(Zn012 - 2.3154(10)* 2.311 0.0044 

4.248(l) 

3.353(l) 

5.810(l) 

4*394(l) 

7.370(l) 

5*432(l) 

8.926(l) 

6.545(57)* 

10.49(l) 

12.04(l) 

13.63(l) 

4,247 

3.352 

5.808 

4.393 

7.370 

5.433 

8.931 

6.474 

10.49 

7.515 

12.05 

8.556 

13.61 

9.597 

15.18 

10.64 

16.74 

11.68 

0.001 

0.001 

0.002 

0.001 

0.000 

-0.001 

-0.005 

0.071 

0.00 

-0.01 

0.02 

In203(Zn0)20 11.64(l)' -0.04 

Note. These data with * were not used for Ccalcd. 
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TABLE III(B) 

c obsd. trim) AND &cd (nm) FOR InFeO,(ZnO), COMPOUNDS 

Compound C obsd. (nm) C dcd. (nm) C obsd. (nm)-%kd 6-m) 

InFe03tZnO) 

InFeO3(ZnO)2 

InFeO3(ZnO)3 

InFe03(Zn0)4 

InFeO3(ZnO)5 

InFeO3(ZnO)6 

InFeO3(ZnO)7 

InFeO,(ZnO)8(~) 

InFeO3(ZnO)9 

InFe03(ZnO)10(s) 

InFe03(ZnO)ll 

InFe03(Zn0)12 

InFe03(Zn0)13 

InFe03(Zn0)14 

InFe03(Zn0)15 

InFe03(Zn0)16 

InFe03(Zn0)17 

InFe03(Zn0)18 

InFe03(Zn0)19 

InFe03(Zn0)20 

2.610(l) 

2.258(l) 

4.166(l) 

3.298(l) 

5.727(l) 

4.339(l) 

7.286(l) 

5.375(l)* 

8.843(l) 

6.402(l)* 

10.39(l) 

11.96(l) 

11.61(2)* 

2.610 

2.259 

4.168 

3.298 

5.726 

4.336 

7.283 

5.375 

8.841 

6.413 

10.40 

7.452 

11.96 

8.490 

13.51 

9.529 

15.07 

10.57 

16.63 

11.61 

0.000 

-0.001 

-0.002 

0.000 

0.001 

0.003 

0.003 

0.000 

0.002 

-0.011 

-0.01 

0.00 

0.00 

Note. These data with * were not used for Ccalcd. 
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