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Phase relations in the In;03-Al,Zn0,—Zn0 system at 1350°C are determined by a classical quenching
method. This system consists of In;(0y, Al,ZnQ,, ZnQ, and homologous phases InAlOy(Zn(), (m =
2,3, ....} having solid solutions with LuFeQ,(Zn0},-type crystal structures, These solid solution
ranges are as follows: In,, All_x103(Zn0)2 (x, = 0.70)—[1‘11+_g2Al]_,103(Zn0)2 (x, = 0.316-0.320), In,
O;(ZnO);—IonAl,_XOJ(Zan] (x = 0.230), In,04(Zn0),-In;,, Al,_ OfZnOY (x = 0.15-0.16), In,O4
(Zn0)s-1n;,, Al _, O5(ZnO)s (x = 0.116-0.130), 1n,0:(Zn0)s-In, Al -, O:(Zn0), (x = 0.000-0.111),
In,0:(Zn0)-Iny, Al O5(Zn0); (x = 0.08), In,O4{Zn0)g—1n, Al O(Zn0); (x: undetermined), and
In,05(Zn0),~InAlOW(Zn0),, (m = 9, 10, 11, 13, 15, 17, and 19). The space groups of these homologous
phases belong to R3m for m = odd or P6;/mme for m = even, Their crystal structures, Ing,, Al,_, Oy
(Zn0),, (0 << x < 1), consist of three kinds of layers: an InO layer, an (In, Al,_ Zn)0, ; layer, and
Zn0 layers. A comparison of the phase relations in the 1n,0;-M,Zn0,-Zn0 systems (M = Fe, Ga,
or Al) is made and their characteristic features are discussed in terms ol the ionic radii and site

prelerences of the A cations.

Introduction

It is important for solid state chemists to
know the relations between the thermo-
chemical stabilities and the structures of
solid complex inorganic oxides and their
constituent cation elements. In previous pa-
pers (I, 2), we established phase relations
in the In,0;-F¢,Zn0,~Zn0O and In,0;-Ga,
Zn0,~7Zn0 systems at 1350°C by a classical
quenching method. In the In,0,-Fe;Zn0O,—
Zn0O system, there are InFeO4(Zn0),-type
homologous phases with solid solution
ranges, In,,, Fe,_, O4Zn0O)-InFeO,(Zn0),
In,,, Fe,_, 01 (Zn0), - InFeO, (ZnO),-In_,
Fe ., 04(Zn0);, In,04Zn0),~InFeO5(Zn0),~
In,_,Fe,, 0y(Zn0),, for m = 3-11 {0 <
x < 1}, and full solid solution ranges of In,O;
{(Zn0),,~InFe04(Zn0),—Fe,0,(Zn0),, for
m > 12.

* To whom correspondence should be addressed.
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Homologous compounds, Fe,0,(Zn0),,
(m > 12) having InFeQ,(Zn0), -type crystal
structures were newly reported in the
ZnO-Fe,Zn0, system. A spinel solid solu-
tion range extends to Fe, . In .ZnO, (x =
0.40 £ 0.02} from Fe,ZnQy. In the In,04—
Ga,Zn0,~ZnO system, there are (In
Ga04),Zn0O with Yb,Fe;0.-type crystal
structure  {3) and InGaO4(Zn0),-type
homologous phases with solid solution
ranges; In,,  Ga, , 04(Zn0)-InGa0,(Zn0)-
In,_,Ga, ,04(Zn0), In,. Ga,_,O4(Zn0O),~
InGaO:(Zn0),-In,_,Ga,,, 0«(Z0n0),, In,0;
(Zn0),,-InGa04(Zn0),,-In,_ . Ga, ,,0,(Zn0),,
for m = 3-9, 11, 13 (0 < x < ). In the
Zn0-Ga,Zn0, system there is a solid solu-
tien, (Zn0),_,.(Ga,0,), (0 < x < 0.093) with
a distorted wurtzite-type crystal structure.
A spinel solid solution range extends to
Ga,_ In, ZnO, {x = 0.128(4)) from Ga,Zn0,.
From the powder X-ray diffraction analysis
we concluded that both InFeO,(Zn0),, and
InGaO04(Zn0),, were isostructural with Lu
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FeO;(Zn0),,. The crystal structures of Lu
FeO,(Zn0),, (m = 1, 4, 5, and 6) were ¢lari-
fied by Isobe et al. (4) using single crystal
X-ray analyses. The space group for Lu
FeO,(Zn0),, belongs to R3m for m = odd
or P6;/mmce for m = even. Crystal struc-
tures for LuFeQO,(Zn0j,, (m = 1 and 4) are
shown in Figs. 1A and 1B. The crystal struc-
ture for InAlO,(CuQ) in a monoclinic crystal
system has a, = 0.5728(3) nm, b, =
0.3309(2) nm, c¢,, = 0.8352(3) nm, and 8 =
103.2(2)° in space group Cm or in a pseudo
hexagonal system has g, = 0.331 nm and
c, = 2.439 nm, reported by Kutoglu ef
al. (5). The compounds (RMO,), (M'0),, in
the R,0,-M,0,—M'0 system (R = one of
the rare earth elements; M = Fe, Ga, or Al;
M' = divalent cation element; n and m =
integer) were reviewed thermochemically,
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crystal-chemically, and from the viewpoint
of solid state physics (6). In the present pa-
per, we report phase relations in the In,
0;-ALZnO~7Zn0 system at 1350°C, which
were determined by a classical quenching
method; compare them to the phase rela-
tions in the In,04—M,Zn0,~Zn0O systems
(M = Fe or Ga); and discuss the crystal-
chemical effects of Fe(Ill), Ga(Ill), and
AI(III) upon the characterstic features in
these phase relations.

Experimental

Except for Al,O,, experimental methods
and starting compounds have been de-
scribed elsewhere (I, 2, 7). Al,O4 (99.99%)
powder was heated at 1000°C for 1 day in
air prior to mixing mixture with other mate-
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FiG. 1. Crystal structures for LuFe0,(Zn0) in A and LuFeO;(Zn0), in B, A, B, and C represent
three kinds of triangular lattices; M sites are occupied by Fe and/or Zn ions: @, Lu ion; @, Fe and/

or Zn ion; O, O ion.
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rials. Samples were analyzed by X-ray pow-
der diffractometry and scanning electron
microscopy (SEM). No detectable chemical
reactions between the samples and the Pt
tubes were found by careful visual checking.
Lattice constants for the phases obtained
were measured by X-ray powder diffrac-
tometry and calculated by the least
squares method.

Results and Discussion

I. The Phase Relations in the
In,0.—ALZnO —Zn0O System at 1350°C

Phase relations in the In,0,-ALZnO,—
Zn0 system at §350°C are shown in Fig. 2A.

A In;03

vA L
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Detailed phase relations near the ZnO phase
are shown in Fig. 2B. Mixing ratios of the
starting compounds, heating periods,
phases obtained, and lattice constants for
each phase are given m Table .

There are homologous phases, In,O,
(ZnQ0),, (m = 3, 4, 5, ...), in the In,O4—
ZnO binary system (/, 2, &, 9). There are
no compounds in the 1n,0;~Al,Zn0O, or the
ZnO-Al,ZnQO, binary systems. No detect-
able solid solution of the ZnQ phase exists
to the direction of the spine} phase, since
no volume difference of the unit cell of the
ZnO phase was detected between the stoi-
chiometric wurtzite in a single phase state
and that in equilibrium with the spinel

In304 : Alp O3

= 1:1 (in mole ratio}

Al,Zno, ZnO

(mole%)

F1g. 2. The phase relations in the Iny0;—-ALZnQ,~ZnO at 1350°C. (p, g, r) indicates the composition
(in mole ratio) of In,0;, AlL,O;, and ZnO. Symbols and numbers in the figures are as follows: A,(0.000,
0.500, 0.500); (I1) B;{0.283, 0.050, 0.667}, B,(0.230, 0.103, 0.667), B4(0.219, 0.114, 0.667); (I11) C,(0.250,
0.000, 0.750), C,(0.214, 0.035, 0.750), C,(0.164, 0.086, 0.750), C,0.156, 0.094, 0.750); (IV) D,{0.200,
0.000, 0.800), Dy(0.125, 0.075, 0.800), D(0.115, 0.085, 0.800); (V) E,(0.167, 0.000, 0.833), Ex(0.101,
0.066, 0.833), E;(0.094, 0.073, 0.833); (V) F|(0.143, 0.000, 0.857), F,(0.081, 0.062, 0.857), F;[(0.080,
0.064, 0.857)-(0.072, 0.071, 0.857)]; (VII) G(0.125, 0.000, 0.875), G,{D.069, 0.056, 0.875), G4(D.068,
0.057, 0.875); (VIII) H,{0.112, 0.000, 0.888), H (undetermined); (IX) 1,(0.100, 0.000, 0.900), L. #.
#8); (X} 1\, 0, 49). Jy(undetermined); (XT) Ky, 0, 1), Ky, 1, 8); (X1 LG, 0, 43), Lo, &, 8)
(XV) My, 0, 48), My, o, 38); (XVID Ni(th, 0, 48), Noleb, o, 3805 (XIX) Oyah, 0, #), Olsh, 55, 3

(XXT) P&, 4. ).
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TABLE I

MIXING RATIO OF THE STARTING COMPOUNDS (In,O;, ALO;, aND ZnQ), HEATING PERIOD, AND PHASES
OBTAINED IN THE In;05—-AlLZn0—Zn0 SYSTEM AT 1350°C

Latlice constants

Period
No. In,04 AlLO; Zn0 (day) Phases a {nm) ¢ (nm)
I 1 0 0 4 In,0, 1.012(1)
2 0 1 0 4 AlLO, 0.4760(1) 1.299(1)
5 i 1 1 6+4 In,0, 1.011(1)
spinel 0.8087(1)
10 1 0 1 3+3 In,0; 1.0111)
118 0.3350(1) 4,246(1)
11 7 ] 8 545 1n,0, 1.012(1)
11 0.3312(1) 2.274(1)
12 3 1 4 546 1,04 1.012(1)
11 0.3303(1) 2,266(1)
spinel 0.8094(1)
15 1 1 2 546 In,0, 1.012(1)
I 0.3302(1) 2.265(1)
spinel 0.8096(1)
17 1 3 4 5+7 In,04 1.012(1)
Il 0.3299(1) 2.268(1)
spinel 0.8095(1)
19 0 1 1 5 spinel (.8085(1)
315 1 1 3 544 1,0, 1.012(1)
11 0.3303(1) 2.265(1)
spinel 0.8096(1)
41p 15 24 61 5+5 I 0.3305(1) 2.266(1)
spinel 0.8096(1)
2e 15 1 32 5+5 In,0, 1.012(1)
I1I 0.3334(1) 4,230(1)
21 7 1 i6 6+ 4 In,0; 1.012¢1)
11 0.3336(1) 2.296(1)
II 0.3324(1) 4.217(1)
g 13 3 32 2 1 0.3328(1) 22901
22 3 1 B 2 I 0.3314(1) 2.277(1)
2 1 5 32 2 I 0.3304(1) 2.263(1)
23 5 3 16 5+5 11 0.3300(1) 2.258(1)
I a 4
spinel 0.8094(1)
25 1 I3 4 5+4 1I 0.3298(1) 2.259(1)
I 0.3292(1) 4.160(1)
spinel 0.8094(1)
26 3 ] 16 9+ 6 11 0.3296(1) 2.258(1)
I 0,3292(1) 4.155(1)
spinel 0.8094(1)
27 1 3 8 4+ 4 111 0.3286(1) 4.147(1)
v 0.3283(D) 3.282(1}
spinel (0.8092(1)
42p 12 19 69 5+5 III 0.3291(1) 4.154(1)
spinel 0.8094(1)
322 3 1 10 4+6 11 0.3315(1) 2.27701)
I 0.3306(1) 4,186(1)
325 1 1 5 5+4 1I 0.330002}) 2.262(1)
HI 0.3292(1) 4.155(1)

spinel 0.8094(1)
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TABLE |—Continued
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Latiice constants

Peried
No. In,04 AlLO; Zn0O {day) Phases a (nm) ¢ {nm)
30 1 0 3 3+7 111 0.335L(1) 4,248(1)
31 7 1 24 4 111 0.3327(1) 4.221(1)
32 3 | 12 2 1 0.3307(1) 4. 188(1)
33 5 3 24 5+ 8 111 0.3290(1) 4.148(1)
35 i 1 6 5+6 111 0.3287(1) 4.148(1)
v 0.3284(1) 3.280(1)
spinel 0.8092(1)
36 3 5 24 6+ 4 v 0.3280(1) 32771
spinel 0.8092(1)
39 0 1 3 5 Zn0 0.3250(1) 0.5205¢1)
spinel 0.8089(1)
332 3 1 14 4+5 111 0.3307(1) 4.188(1)
v 0.3301(1) 3.310(1)
335 L 1 7 4 44 18% 0.3282(1) 32791
spinel 0.8093(1)
40 { 0 4 4 v 0.3337(1) 3.353(1)
41 7 1 32 4 v 0.3318(1) 3.335(1)
42 3 1 16 4 v 0.3299(1) 3.312(1)
43 5 3 32 4 v 0.3284¢1) 3.281(1)
45 1 1 8 4+5 v 0.3277(1) 312740
v 0.3275(1) 5.684(2)
spinel 0.8086(1)
46 3 5 32 6+ 3 v 0.3272(1) 5.687(1})
Vi 0.3270(2) 4.296(4})
spinel 0.8091(1)
47 1 3 16 5+5 VII 0.3265(1) 7.234(2)
VI a 4
spinel 0.8092(1)
49 0 1 4 5+5 Zn0 0.3250(1) 0.5206(1)
spinel 0.8050(1)
342 3 1 18 4+9 v 0.3298(1) 3.314(1)
v 0.3295(1) 5.749(1)
345 1 1 9 4+5 v 0.3275(1) 5.688(1)
spinel 0.8091(2)
50 1 0 5 3 v 0.3326(1) 58101}
51 7 1 40 5 v 0.3309(1) 5.785(1)
52 3 i 20 6 v 0.3294(1) 5.7149(1)
53 5 3 40 4 v 0.3280(1) 5.7046(1)
55 | 1 10 4+ 4 v 0.3270(1) 5.683(1)
VI 0.3269(2) 4.310(3)
spinel 0.808%(1)
355 1 1 Il 4+ 7 VI 0.3270{1) 4.313(3)
spinel 0.8093(1)
60 1 0 6 3 VI 0.3316(1) 4.394(H)
61 7 1 48 5+4 VI 0.3301(1) 4.375(1)
62 3 1 24 9+ 5 VI 0.3289(1) 4,352(1)
63 5 3 48 5+4 VI 0.3279(1) 4.317(1)
63 1 1 12 4+5 VI 2 a
VII 0.3268(1} 7.23U1)
spinel 0.8089(1)
67 1 3 24 5+5 X1 0.3257(1) 10.35(1)
spinel 0.8091(1)

Conftinued
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TABLE I—Continued

Lattice constants

Period

No. In,0; Al Oy Zn0O (day) Phases a {nm) ¢ (nm)
70 ] 0 7 3 VI 0.3310(1) 7.370(1)
71 7 1 56 5 VII 0.3297(1) 7.345(1)
T2 3 1 28 4 VII 0.3283(1) T.310¢1H)
73 5 3 56 4 VII 0.3274(1) 7.266(1)
75 1 1 14 4+5 VIl 0.3265(1) 7.236(1}

VIII a 4

spinel 0.8089(2)
76 3 5 56 5+5 IX 0.3262(1) 8.795(3)

spinel 0.8090(1)
77 ] 3 28 5+5 XIII 0.3256(1) 11.92(1)

spinel 0.8089(1)
20 1 0 8 3+3+3 VIII 0.3304(1) 5.432(1)
82 3 1 32 g+5 VII® a "

VvII® 4 4

lxb a @
83 5 3 64 4+ 4 vII® a ‘

V“lb a a

ixb d u
85 1 | 16 445 vii? a a

VIt a a

lxb a a

spinel? a
90 1 0 9 3 IX 0.3299(1) 8.926(1)
91 7 1 72 4+4 IX 0.3288(1) 8.904(1)
92 3 1 36 4+5 iX 0.3279(1) 8.873(1)
93 5 3 72 4+ 4 IX 0.3269(1) B.B27(2)
95 1 1 18 4+5+8 X 0.3262(1) 8.795(1)
97 1 3 36 4+9 XVII 0.3256(1) 15.02(1)

spinel 0.8090(1)
100 1 0 10 3I+3+7 X a 6.545(57)
105 1 1 20 9+ 4 IX® ¢ a

Xb a a

le a a
110 1 0 11 3 X1 0.3292(1) 10.49(1)
111 7 1 88 5+4 XI 0.3283(1) 10.46(1)
112 3 1 44 4+ 9 XI 0.3275(1) 10.44(1)
113 5 3 38 4+ 4 X1 0.3266(1) 10.38(1)
115 1 1 22 4+5 X1 0.3259(1) 10.35(1)
117 1 3 44 4+5+4 XXI 0.3253(1) 18.14(1)

spinel 0.8089(1)
130 1 0 13 I+T+3 XIII 0.3284(1) 12.04(1)
131 7 1 104 4+ 4 XIII 0.3280(1) 12.02(1)
132 3 i 52 4+ 7 XIii 0.32721) 11.99(1}
133 5 3 104 4+4 X1 0.3264(1}) 11.95(1)
135 1 1 26 4+ 5 XIH 0.3258(1}) 11.92(1)
150 i 0 15 4+ 4 XV 0.3282(1) 13.60(1)
152 3 1 60 4+5 XV 0.3270(1) 13.54(1)
155 1 1 30 4+ 5 XV 0.3257(1) 13.47(1)
170 1 0 17 4+ 4 XVIl 0.327%(1) 15.17(1})
172 3 1 68 4+5 XVII 0.3267(1) 15.11(1)
175 1 1 34 5+5 XVII 0.3257(1) 15.03(1)
190 1 0 19 4+4 XIX 0.3276(1) 16.73(1)
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TABLE 1—Continued

Lattice constants

Period
No. 0,  ALO,  ZnO {day) Phases a (nm) ¢ (nm)
192 3 | 76 4+ 5 XIX 0.3265(1) 16.67(1)
195 1 1 38 4+ 5 XX 0.3256(1) 16.59(1)
199 0 1 19 4+ 4 ZnO 0.3249(1) 0.5204(t)
spinel 0.8086(1)
215 | 1 42 5+6 XXi 0.3254(1}) 18.14(1)
401 0 55 45 6 ALO, 0.4759(1) 1.299(1)
spinel 0.8085(1)
K} 0 0 | 3 Zn0 0.3248(1) (.5204(1)

Note. We heated a mixture of In,O5: AlyQ,: Zn0O = 1:1:2 {in mole ratio) at 1550°C for | day and obtained
In;,,Al;_ O3(Zn0) (Phase [} and a spinel phase. We reheated this sample at 1350°C for 3 days and obtained
In;0,, Phase II, and a spinel phase. This result is completely consistent with that from direct heating for a

mixture having Iny0;: ALO;: Zn0 = 1:1:2 at [350°C.
@ Lattice constants could not be determined.

b Data were considered to be in nonequilibrium states; however, since the reaction rate was too slow to arrive
al the equilibrium siates, we stopped heating in these states.

phase. We estimated that the range was
within (Zn0},_ (AL O}, (x = 0.000).

There are homologous phases, InAlQ,
{(Zn®»),, (m = 2, 3,....), having LuFeO,
(Zn0),type crystal structures in the
In,(,—ALZnO~Zn(  ternary  system.
Hereafter, the phases for InAlO,(Zn0), In
AlO(Zn0),, InAlO;(ZnO)y,..., will be
designated as Phase I, Phase 11, Phase III,
.... Phase I does not exist. Neither do In,
0,(Zn0), nor InAlO;(Zn0), exist. How-
ever, there is Phase II with nonstoichiomet-
ric composition. From Phase III to Phase
VIII, there are solid solution ranges be-
tween InO5(Zn0®), and 1n,, Al,_.O;
(ZnO),, (0 < x < 1). Although we obtained
Phase VIII from In,0,(Zn0O)g to In, Al _,
04(Zn0) ., we could not determine x, since
the reaction rate in forming In,  Al,_,
05(Zn0); was too slow. There exist stoi-
chiometric solid solution ranges between
In,04(Zn0},, and InAlQ,(Zn0),, (m =9, 11,
13,...). The range for each homologous
phase is shown in Table II.

We describe the characteristic features in
the phase relations in Fig. 2A and Fig. 2B.
In general, the features in the In,0,-Al,
Zn0,~Zn0O system are simitar to those in

the In,04—Fe,Zn0,~ZnO system and in the
In,0,-Ga,Zn0,-Zn0 system, except that
(I) there exists no Phase I and (2) there are
no solid solution ranges which extend from
InAlO4(Zn0),, to In,_, Al O4(Zn0),, (O <
x<1).

The In,O; phase is in equilibrium with
Phase III, Phase II, and the spinel phase.
We could detect a decrease in the lattice
constant for the stoichiometric In,O, phase
in the In,0;—M,Zn0,~7Zn0 system (M = Fe
or Ga), from a = 1.012(1) (nm) {/, 2). No
detectable change in the lattice constant of
the In,0; phase was seen in the In,O,-Al,
Zn0,—Zn0O system, however. (See Fig. 3.)

The spinel phase is in equilibrium with
the In,0, phase, Phase 11, Phase 11, Phase
1V, ..., and the ZnO phase, The changes
in the lattice constants for the spinel phase
from those of stoichiometric Al,ZnQ, in the
directions of the In,0, phase, Phase W{W =
IT, 111, ...), and the ZnO phase are shown
in Fig. 4, where we can see the slight expan-
sion of the lattice from that of stoichiometric
ALZnO, due to the occurrence of the ex-
cess Zn(II} cation and/or the existence of
the In(III) cation in the stoichiometric
Al,ZnQy,.

m
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TABLE 11

THE SOLID SOLUTION RANGES OF THE LAYERED PHASES, THE LATTICE CONSTANTS, AND THE SPACE GROUP

Kasper (7) Cannard and Tilley (8) Kimizuka et al. (9)
Temperature (°C) Space group
heating period Temperature (°C) Temperature {°C)
(hr) Lattice heating period Lattice heating period Lattice
Phase crystal system constants {nm) {day) constants {nm) (day) conslants (nm)
i RIm InALO;(Zn0)
1550 a = 0.3309(1)
1 ¢ = 2.633(1)
11 1550 1n;04{Zn0), Po6yimme InAlOy{Zn0),
2 a = 0.3376(1) 1422 a = 0.3295(1)
Hex. c = 2315410} 4 c = 2.256(1)
111 1200 InyC4(£00)y Rim InAl04(Zn0})
12 a = 0.3355(1) 1450 a = 0.3281{1)
Rhom. ¢ = 42515020 6 o= 4.135(1)
v 1200 In,03(Zn0), 1100 In,04(ZnO}, Poy/mme InAlOZn0),
50 a = 0.3339(2) 3 1450 a = 0.32771)
Hex. c = 3.352(2) 8 ¢ =3.27X1)
v 1050 Iny05(Zn0)s 1100 Tny05(Zn0)s R3m INAIO4(Zn0)s
100 a = 033271 3 1450 o = 0.3272(1)
Rhom. ¢ = 5811420 3 ¢ = 56801}
vi 1100 in,05(Zn0)
3
Ik 1310 In,03(Zn0)y 1100 In;,0,(Zn0)y Rim InAlIO4(Zn0);
2 a = 0.3313(1) 3 1450 a = 0.3263(1)
Rhom. ¢ =7.36%4) 4 c = T7.224(
VIl
1X 1100 1n,04(Zn0),
5
X
X1 1100 In,04Zn0)y;
3
X
XV
XVIl
XIX
XXl
Note, All the lattice constants are given in the hexagonal system: *‘Hex."” = hexagonal, “'Rhom.’" = rhombic. Lattice constants for InAl0,(Zn0),,

(m = 1-7) prepared at 1450°C or 1550°C by Kimizuka e{ ai. (7) apparently indicate that each stoichiometry for their specimens, InAlOy(ZnO},,,
should be In;. Al _,03(Zn0),, having the minimum x in the solid solutien range (0 < x < 1) of the Phase W in the present work,
4 The lattice constants could not be determined.

Phase II is in equilibrium with the In,O; higher order phases, Phase W (W = [V, V,
phase, Phase III, and the spinel phase. VI,...), is in equilibrium with the spinel
Phase III is in equilibrium with Phase II, phase, Phase (W — I), and Phase (W + I).
Phase IV, and the spinel phase. Each of the In a process in which we established the
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TABLE II—Continued
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Makamura ¢f af. (1)

Present work

Space Iny05(Z00),, Ing; Al O5(Zn0),, [nAIO,(Zn0),,
group Lattice constants (rumn) Lattice constants (nm) Lattice constants (nm)
Poyimmc Iy o Al OZ0O); Ly = 070} Inp. Al 04(Zn0); (x; = 0.316-0.320)
a = 0.3336(1) a = 0,3298(1)
c=229%1) ¢ =225
Rim In;03(Zn0); Iny, (Al —O3(Z00); (x = 0.230)
a = 0.3351(1) a = 0.328%1)
¢ = 4.248(1) c = 4.148(1)
PO3imme InyOs (200, In;, Al 03200 (x = 0.15-0.16)
a = 0.3337(1) a = 0.3277(1)
¢ = 3.353(1) c=3.27X1)
R3m 0,0 200 104 Al O(Z00% (x = 0.116-0.130)
a = 0.3326(1) a = 0.3270(1)
¢ = 5.810(1) ¢ = 5.683(1)
Phylmme InyO5(Zn0) In| . Al O3(Zn0)g (x = 0.000-0.111}
a = (.3316(1} a =
o= 4.3941) o =7
Rim [n,03(Zn0); In; 4 Aly - O4(Zn0); (x = 0.08)
a = 03301 a = 0,3265(1)
c = 7.370(1) e =7.236(1)
Pby/mme [n;03(Zn0)g In,, Al _,O«ZnO) (undetermined, 0 < x < 1)
a = 0.3304(1) a =%
c = 543X1) c ="
Rim In;05(Zn0)y InAIO,(Zn0Y,
a = h.3299%(1) @ = 0.3262(1)
o= 8.926(1) ¢ = 8.795(1)
Poylmme InyC3{Zn0)yg INAIG;Zn0) g
a =" a =1
¢ = 6.585(57) =4
R3nt 1n;04(Zn0yy, InAIO4Zn0Yy,
a = 0.329%1) a = 0,3259(1}
e = 10.49(1) o = 10.35(H)
Rim 10,05(Zn0y, InAIGZnO)y
a = 0.3284(1) a = .32558(1)
c = 12.04(1) « = 11.92(1)
R3m In;03(Zn0) 5 InAlQ;(Zp0)ys
a = 032841 u = 4,325y
= 13.60(1) = 13.47(h
Rim In,05{Zn0)yy INAIOL(Zn0),;
a = 0.3279(1) a = 0.3257(1)
¢ = 15.1%1) ¢ = 15031
R3m 10,0,(Zn0) g InAlOy(ZnO)ys
a = 0.3276(1) a = 0.3256(1)
= 16731) ¢ = 16.59(1)
R3m InAIQy(Zn0);,
a = 0.3254(1)
c= [8.14(1)

present phase relations, we recognized the

following phenomena;

(1) From In,0;, Al,O, and ZnO powders,
the rate of forming Phase W was faster with

m = odd than with m = even.

(2) The rate of forming Phase W was

faster with lower Al,O, concentration than
with higher Al,O; concentration.

{3) The rate of forming Phase W becomes
slower with increasing m in InA10.(Zn0Oy),,.

We stopped our experimental work at m =
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Iny04

AL Oy

AlaZn0y

FiG. 3. The lattice constants for the In,O, phase
which is in equilibrium with various phases. Numbers
are the experimental run numbers given in Table L: (1)
010, (2) 02e, (3) 021, (4) 011, (5) 012, (6) 315, {7) 015,
(8) 017, (9) 005.

21; however, it is certain that InAlO,(Zn0),,
{m > 21) will be formed, if we heat the start-
ing mixtures for a much longer period than
in the present study.

Zn0

NAKAMURA ET AL.

The three phenomena mentioned above
were observed in the In,0,-Fe,Zn0,~Zn0O
system and in the In,0;~Ga,Zn0,~Zn0O sys-
tem also.

2. Crystal Structural Consideration for the
Homologous Solid Solutions of

Ingy, Al O5(Zn0)=In, Al 0y(Zn0),,
In,04(Zn0),,—In,  Al,_.0(Zn0), (m =
3-8), and In,0ZnQ},~InAlO(Zn0),,
m=2910,..)

Powder sampies obtained were supplied
for SEM observation. We observed clear
plate-like crystals of the solid solutions
Ing Al O3(Zn0)y-Iny ., Al 0y(Zn0),,
In,04(Zn0),~In, Al 0Zn0), (m =
3-8), and In,0,(Zn0),~InAlO;(Zn0),
(m=9,10,...)as in InMO,(ZnQ),, (M =
Fe or Ga). All X-ray powder diffraction
peaks for these samples could be indexed
on the hypothesis of a hexagonal unit cell
as in LuFeO,(Zn0),, . So we eventually con-
sidered InAlO,(Zn0),, to be isostructurai
with LuFe();(Zn0),, and not with 1nAlO,
(Cu0) in a monoclinic crystal system. The
hexagonal lattice constants for the homolo-
gous solid solutions are shown in Table II

10203

(nm)
0.8095
0.8090
0.8085
039, (19 199 019
07 AlyZn0y

Fi1G. 4, The lattice constants for the spinel phase which is in equilibrium with various phases.
Numbers are the experimental run numbers given in Table .
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and Fig. 5. All the lattice constants decrease
with the concentration of Al,O,. As in In
Fe0Q4(Zn0},, and InGaO4(Zn0),,, we can
calculate the thickness of the constituent
layers from the dependence of ¢4 /Z (Z =
3 for m = odd, Z = 2 for even) upon (m —
1} (see Fig. 6). In Table 11l and Fig. 7, we
show the thickness of the ZnQ layer and
each of the thicknesses of

the InO, 5 layer and the (InZn)O, ; layer,

the InQ, 5 layer and the (Ing ;5Aly 5sZn)05 5

layer,

the InO, 5 layer and the (Ing 50Aly ,Z0)O5 5

layer,

the InO,; layer and the (Ing,sAlyqs

Zn)0, ; layer,

and the InQ, layer and the (AIZn)O,;

layer.
To evaluate each thickness of the above lay-
ers, we considered that each compound ac-
tually consists of the following constituent
parts:

In,0+(Zn0),, :
an,‘S + (IHZH)OZAS

In; 75Aly5504(Zn0),, :
InO, 5 + (Ing 454l 2ZNn)0, 5 + (m — 1)ZnO

In sAly sO4(Zn0),,:
InO, s + (Ing sAl, sZn)0, 5 + (m — 1)ZnO

In; 55Al; 5504(Zn0),,:
Il’lolj + (Inﬂ‘szlo_"szn)Ozj + (m - I)ZIIO

InAlO(Zn0),, :
InOI‘S + (AIZH)OZAS + (m - I)Zno.

Note that § x ¢ (¢ = 0.5207 (nm)) is equal
to .2604 (nm) in which ¢ means the lattice
constant of ZnQO with wurtzite-type crystal
structure (J0).

The lattice constant a versus m is shown
in Fig. 8. With increase in m, all the a values
approach 0.3249 (nm), which is the lattice
constant of ZnO with wurtzite-type crystal
structure (/0).

Both In(I1l} and AI(IID) can coexist with
Zn(ID) in a trigonal bipyramidal site in the
chemical composition range from (InZn)Q, s
to (AlZn)0, 5; however, since no selid solu-
tion range between InAlO4(ZnQ), and

+ (m — 1)Zn0O

545

In;,, Al,_,04(Zn0),, (0 < x < 1) exists, we
conclude that Al cannot occupy octahedral
sites in the InO, ; layers.

The following conclusions are derived
from comparison among phase relations in
the In,0;—M,0;-ZnO systems (M = Fe, Ga,
or Al) at 1350°C. They are similar to each
other except for a few features:

(1) InFeO4y(ZnO) and (InGa(;),ZnO (n =
1 and 2) exist; however, no stoichiometric
(InAlQ,),Za0 (n = | and 2) exist.

(2) Although there are solid solution
ranges in  In,04(Zn0),~InM O4(Zn0),
in,_, M, 0;(Zn0),, (M = Fe or Ga) (0 <
x < 1), there are no solid sclution ranges
in InAlO4(Zn0), ~In,_, Al;.,04(Zn0},, (0 <
x << 1). AKKIID is too small to occupy octahe-
dral In{Ill)} positions in the homologous
phases.

(3) The solid solution ranges of the spinel
phases M,_,In ZnQ, from the stoichiomet-
ric M,ZnQ, (M = Fe, Ga, or Al) can be
quantitatively compared. Note that both
Fe,ZnQ, (I1) and Ga,ZnQ, (/1) are normal
spinels, while Al,ZnQ, is referred to a nor-
mal spinel structure (the so-called *‘degree
of inversion’’ is estimated to be 0.030 (/1)).
As M changes from Fe, Ga, to Al, the lattice
constant of M,ZnQ, and x of M,__In Zn0Q,
reasonably decrease.

(4) There are homologous phases,
Fe,(0,(Zn0),, (m = 12), having an InFeQ,
(Zn(Q),,-type crystal structure in the Fe,0,-
ZnO system and a solid solution of (Ga,05),
(Zn0),_, (x = 0-0.094) with a distorted
wurtzite-type structure in the Ga,0;—Zn0O
system; however, neither a series of ho-
mologous phases nor a solid solution (in
the range x = 0.000 in (ALO;), (ZnO),_,)
is observed in the Al,0;-Zn0O system.

(5) The lattice constant of the In,O,
phase, which is in equilibrium with Phases
I, I1,and III or the (InGaQ0;},Zn0 in the In,
0;-M,Zn0,~Zn0 system (M = Fe or Ga),
decreases from @ = 1.0118 (nm) for stoichio-
metric In,O, (JCPDS, card No. 6-0416) hav-
ing the so-called c-type of rare earth se¢squi-
oxide crystal structure. The lattice constant
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F1G. 5. The hexagonal lattice constants (a and ¢) and the unit cell volumes (V) of the layered phases
in the system In,04(Zn0),~InAlQ5(Zn0),,: (A) Phase II, (B) Phase 111, (C) Phase IV, (D) Phase V,
(E) Phase VI, (F) Phase Vl1l, (G) Phase VIII, (H) Phase [X, (I} Phase XI, (J) Phase XIII, (K) Phase
XV, (L) Phase XVII, (M) Phase XIX, (N) Phase XXI.

TABLE III
THE THICKNESS OF THE CONSTITUENT LAYERS IN THE SOLID SOLUTIONS OF InAlOy(Zn0),,

Constituent laye

15

Thickness

Solid solutions U layer W layer ZnO layer (U + W) layers (nm} ZnO layer {nm)
In,05(Zn0),, InO, 5 (InZn)Oy 5 ZnO 0.8965 0.2599
In, AL 0Z00),,  InO;5  {Algyslng;sZm0, s ZnO 0.8880 0.2599
In, sAly sO3(Zn0),, In0, {Aly sIny sZn)0, 5 ZnO 0.8771 0.2600
In|_15A10_7503(Zﬂ0)n( In0|.5 {Alp 75Ing 35Zn)0; 5 Zn0 0.8604 0.2601
InAlOy(Zn0),, InO, 5 (AlZn)O, 5 Zn0 0.8530 0.2598
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Fi1G. 6. The relation between cy,y /Z and (m — 1) in
In;04(Zn0),,, In; 3541y 5505(Zn0),, , In, Al 5O4(Zn0),,,
In; 2541 7505(Zn0),,, or InAID;(Zn0),,. chne. (nM): the
observed hexagonal lattice constant; Z: numbers of a
chemical formula unit per unit cell {Z = 3 for m = odd,
Z = 2 for m = even). I In,05(Zn0),, O: Iy
Alys05(Zn0},., &: InjsAls05(Zn0),, O: Inpa
Al 7504(Zn0),,, @: InAlOy(Zn(),,.

of the In,0; phase in equilibrium with Phase
IT, Phase III, or the spinel phase in the In,
0;-ALZnO,~Zn0 system, however, does
not change. We conclude that the In,O,
phase has a solid solution range in the In,
0,-Fe,Zn0,~Zn0O  and the In,0,-Ga,
Zn0Q,~Zn0O systems; however, no detect-
able solid solution of the In,0, phase exists
in the In,O4-ALZnO,-Zn0 system. The
AI(IIL) ion is too small to substitute for the
In{I1D) ion with six coordination numbers in
the In,0;phase.

— w026

. ZnO layer

J0.25

085 1 1 L " 1 1 L 1 1 FUN : 0"24
In,0(Zn0)  InAlO(Zn0)  ALO(ZnO)

FiG. 7. The relation between the thickness of the
ZnO layer or the (/' + W) layer in the In,04(Zn0), —
InAlOZn0),,, in which U/ or W means as follows:
U, InO5; W, (InZn)0y5,  (IngzAly»Zn)Oss,
(IngsAlysZn)Oy5, (IngasAly7sZn)0ys5, or (AlZn)0;
laver.
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=) - s ©o M winz03(Za0)y,
L o *. []
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m

FiG. 8. The relation between a and m: W In,0,
(Zn0),, O In; 1Al 0(Zn0),, A IngsAls0;
(ZnO),,,, (B Iﬂl.ZSAIU,Tjol(ZnO}m: &: IHAIOJ(ZHO)M

In the In,0,—Cr,Zn0,-Zn0O system at
1350°C, there exist no InCrO4(Zn0),, com-
pounds; no solid solution phases in the
ranges In,04(Zn0),— ‘InCrO4(Zn(),.’" are
observed (12). We think that Cr(III), having
a strong preference for the octahedral site
in oxide compounds, cannot coexist with
Zn(Il) in a trigonal bipyramidal site. Triva-
lent cations such as In(III), Fe(I11), Ga(lII),
and AIIII) can occupy a trigonal bipyrami-
dal site in the LuFeO4(Zn0),-type crystal
structures. The ionic radii from In(IID) to
AKIID) with five coordination numbers
changes widely (/3); however, all of them
are spherical.
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