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distances 1:95 and 2-76 A between metal and anion,
anion and anion respectively in NbO:F; Vousden
(1951) 2-:00 and 2-82 A for KNbOs, 1-95 and 2:76 A
for NaNbOs; Bystrom’s (1944) data for the pyrochlor
structure, based upon indirect methods, is not included.

Complex structures such as this one are not readily
described in terms of the individual atoms of which
they are composed; since it bears a close resemblance
to those of the twoforms of TisNbioOg2s which are found
in the system TiOs—Nb2Os, the three structures will
be discussed together in the following paper as mem-
bers of an homologous series (Wadsley, 1961).
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Mixed Oxides of Titanium and Niobium. II. The Crystal Structures
of the Dimorphic Forms of Ti,Nb,,O,,
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Diwvision of Mineral Chemistry, C.8.1.R.O. Chemical Research Laboratories, G.P.O. Box 4331,
Melbourne, Australia

(Recerved 17 August 1960)

The structure of orthorhombic Ti,Nb,,0,9, which has the lattice dimensions

a=2850, b=3-805, ¢=20-51 A ,

space group Amma, has been solved by trial and error, and refined by electron-density projections.

Its monoclinic dimorph,

a=1557, b=3-814, c=20-54 &; f=113°41"

has been shown, qualitatively, to have a closely related structure. Both have features which are
common to TiNb,O, as well and all three can be described as members of an homologous series
MeynOgn—3. Attempts to prepare additional homologues were not successful.

Introduction

Two intermediate phases were identified in the binary
system TiO:—NboOs (Roth & Coughanour, 1955). The
structure of one, TiNbzO7, was described in the preced-
ing paper (Wadsley, 1961) and the second, to which
the formula TiO:.3 Nb2Os was given, is now reported
in some detail. It proved to have the formula
TiaNb1gO29 and to exist in two crystalline modifica-
tions.

Experimental

Reaction in the solid state at 1400 °C. between TiO:
and NbgOs in the molar ratio 1:3 gave «Nb2Os as a
separate component. Roth & Coughanour (1955) be-
lieved their formula to be uncertain, and indeed their

phase diagram suggested that it should perhaps be
richer in TiOg. A partial phase analysis gave the most
probable formulation 2 TiOz.5 NbsOs which was sub-
sequently confirmed by the structure determination.

Two preparations were then made. In the first, the
weighed oxides were thoroughly ground together,
pelletted, and reacted in the solid state at 1400 °C.
for 36 hr. Part of this was then fused in a platinum
crucible and allowed to cool slowly. Debye—Scherrer
patterns of these two preparations were virtually
identical, but the Guinier camera disclosed small dif-
ferences between them. A single crystal of the sintered
preparation proved to have a large unit cell with
orthorhombic symmetry. A crystal of the fused phase,
free from flaws or twinning, could not be found.
Nevertheless the Weissenberg photographs -clearly
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showed monoclinic symmetry and with the unit cell
and space groups listed in Table 1 together with those
of the dimorph. The powder patterns of the two are
recorded in Tables 2 and 3.

Table 1. Crystallographic data for the two modifications

Of TiszmOzg
Orthorhombic Monoclinic
Lattice dimensions « 28-50 A 15-57 A
b 3-805 3-814
c 20-51 20-54
B 90° 113° 41
Systematic absent hEkl, k+142n hkl, E+142n
Reflexions hOl, [+ 2n
hkO, h2n, k+2n
Space group Amma A2[m
Am2a Am
A2ma A2
Density Observed 4:40+0-05 4-30+0-05
(g.em.®)  Calculated 4-45 4-33

Table 2. Guinier diffraction pattern of orthorhombic
Ti2aNb10O29

Comparison of observed and calculated data, Cu Ko, radiation
(limited to sin? § < 0-18000)

Relative

intensity

sin? 0 (obs.) hkl sin? O (cale.) I (obs.) (calec.)*
000564 002 0-00564 ow 0-05
0-00640 102 0-00637 m 0-23
0-01166 400 0-01169 mw 014
0-02251 004 0-02258 m 0-29
0-02335 104 0-02331 mw 0-14
0-02626 600 0-02630 m 0-37
0-04238 011 004239 s 0-45
0-04314 111 0-04312 P 0-69
0-04676 800 004676 vs 1-00
311 0-04897 011

0-04388 { 604 0-04888 } w 0-01 }
0-05079 006 0-05080 s 0-60
0-05161 106 005153 mw 0-18
013 005368 0-25

0-05370 { 206 0-05372 }‘ m 0-01 }
0-05741 306 0-05738 ow 0-02
' 0-05831 | 0-05

0-05843 704 o0sses | v

006064 511 0-06066 ow 0-03
0-06941 804 0-06954 w 0-05
007309 10,00 0-07306 w 0-04
, 115 0-07699 \ 0-52

0-07703 { 606 007710 f ™8 003 }
0-07820 711 007819 m 0-36
0-08296 315 0-08284 w 0-09
0-08661 706 0-08660 m 0-08
0-08908 811 0-08915 mw 010
0-09103 108 0-09103 ow 0-04
0-09448 515 0-09453 w 010
0-09759 806 0-09756 m 0-21
0-10058 813 0-10044 ow 0-05
010551 12,00 0-10521 ow 002
0-11210 715 011206 m 0-23
013571 915 0-13544 w 0-03
0-14131 00,10 014110 m 029
0-14306 14,00 0-14320 m 0-34
0-16373 020 016392 s 0-47

* The strongest reflexion (800) is given arbitrary value of 1-000.
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Table 3. Guinier diffraction pattern of monoclinic
Ti2Nb10Oz9

Comparison of observed and calculated data, Cu K, radiation
(limited to sin? § < 0-20000)

Relative

intensity

sin? 6 (obs.) hikl sin? f(cale.) I(obs.) (calc.)*
0-00294 100 0-00292 vw 0-12
0-00608 102 0-00608 w 0-20
0-01166 200 0-01167 w 0-19
0-02266 104 0-02267 ms 0-54
0-02631 300 0-02625 ms 0-49
0-04251 011 0-04246 vs 1-00
0-04365 11T 0-04360 w 0-16
0-04662 400 0-04667 s 0-94
0-04714 111 0-04716 vw 0-07
0-05090 208 0-05078 s 0-69
106 0-05268 | 0-04

0-05242 { 204 005272 f ¥ 0-06 }
0-05367 113 0-05347 m 0-24
0:05751 211 0-05768 vw 0-04
0-07382 106 0-07398 w 0-16

215 0-07665 0-35 \

0-07677 { 115 0-07677 } s 0-30 f
015 0-08273 0-06

0-08232 : 411 0-08203 } ms 0-36 }
315 0-08235 0-07
0-09332 206 0-09338 w 0-19
0-10284 513 0-10220 vw 0-02
0-11128 515 0-11128 vw 0-15
0-11188 215 0-11215 vw 0-13
0-14076 30,10 0-14080 m 0-38
0-14270 700 0-14293 m 0-31
0-16305 020 0-16312 s 0-46
0-17459 220 0-17479 vw 0-01

70,10 0-18643 0-07 \

0-18641 { 800 0-18669 } w 0-06 f

* The strongest reflexion (011) is given the arbitrary value
of 1-00.

Crystal structure of orthorhombic Ti,NbO,

Copper radiation was used so as to increase the
resolution of the reflexions. The 20! data were collected
with an integrating Weissenberg goniometer and the
multiple-film technique. The upper levels A1l and A2]
were recorded without integration. Intensity readings
were reduced in the normal way to | F| values, specimen
absorption being neglected. The same scattering curves
as for TiNb20; (Wadsley, 1961) were used, and the
techniques otherwise were the same. The run of
intensities for k0! and %2l were virtually identical,
and therefore the atoms were on, or very close to,
special pos1tlons along y.

Since b is equal to 3-81 A, the metal atoms must be
clearly resolved from one another, but with an oxygen
probably overlying each of them. In projection down
this axis, therefore, the atoms can be in both 4(c) and
8(f) positions for Amma which are identical with
4(b) and 8(c) respectively for Am2a. These two space
groups differ only in the y co-ordinates which are
general only for the latter one. This is not favoured
by the intensity relationships already referred to. The
8(b) positions for A2;ma are unavailable because the
condition z,y, z; x,%,z) is imposed. If this is the



666

Fig. 1. (a) and (b) Structures of orthorhombic and monoclinic
Ti,Nb, (0,9 respectively, as seen in projection on to (010).
One half of the unit cell is shown in (a), and the whole in (b)
as dotted lines. The metal atoms are the smaller, and
oxygen the larger circles.

Table 4. Fractional atomic parameters for orthorhombic
Ti2Nb10029

Space group Amma*

Point Ideal structure Derived strueture
Atom position zfa ylb  z[c zla ylb z[c
Me,t 8(f) 0036 0 0050 00494 0 0-0375
Me, 8(f) 0-036 0 0650 00481 0 0-6674
Me, 8(f) 0-036 0 0-850 0-0486 0 0-8518
Me, 8(f) 0-179 0 0-050 0-1834 0 0-0371
Me, 8(f) 0-179 0 0650 0-1828 0 0-6675
Meg 8(f) 0-179 0 0-850 0-1831 0 0-8521
(O 4(c) } 0 0-050 } 0 0039
0, 4(c) r 0 08650 3 0 0662
O4 4(c) 3 0 0-850 P 0 0-851
O, 8(f) 0036 0 0550 0043 0 0-576
(oN 8(f) 0036 0 0150 0033 0 0-146
0O, 8(f) 0036 0 0750 0045 0 0757
0, 8(f) 0-036 0 0350 0-019 0 0-346
O, 8(f) 0036 0 0950 0-037 0 0-948
Oy 8(f) 0-107 0 0050 0110 0 0-039
Oy 8(f) 0107 0 0650 0114 0O 0-661
0O, 8(f) 0-107 0 0850 0-111 0 0-852
(O 8(f) 0-179 0 0550 0-182 0 0-567
(O 8(f) 0179 0 0150 0-182 0 0-136
Oy 8(f) 0179 0 0750 0-182 0 0-758
Oy5 8(f) 0-179 0 0350 0182 0 0-352
Oy 8(f) 0179 0 0950 0-181 O 0945

* This orientation is retained to demonstrate the relation-
ship to the monoclinic form of this compound.

1t Me is used to denote (} Ti+ 2 Nb) as a single scattering
unit.

MIXED OXIDES OF TITANIUM AND NIOBIUM. II

correct space group, the atoms must therefore be in
4(a). The alternatives are thereby reduced to Amma
or to A2;ma. Fourier projections on to (010) should
disclose whether or not eightfold positions do exist,
or whether the electron-density maxima are com-
pounded of two independent fourfold sets which are
almost, but not quite, related by a reflexion plane.
The trial-and-error procedure outlined in the pre-
vious paper were applied to this problem. Since the
length of the z axis is the same as for TiNb2Oy, it was
evident that the structural units in this direction must
be of the same kind. A set of parameters for a perfectly
regular structure was first obtained, and shifts of the

Table 5. Interatomic distances for orthorhombic

TiaNb1gOs9

No. Length | No. Length

*Me-Oy 1 2:27A Me,-Oy 1 2104
{ Me,-Og 1 1-87 ’ Me, 0} 1 1-90
Me-0F 1 2-47 Me-0, 1 1-90
Me -0, 1 1-72 Mey-0,5 1 2:03
Me,-O, 2 2:07 Me, 0, 2 2-:00
040, 1 2-80 0,-0}, 1 2:81
0,-0; 1 3-09 0l-0, 1 2-76
0,-0f{ 1 264 0,0, 1 2:76
0s-0! 1 2-99 0,30, 1 2-88
0,0, 2 325 0,0, 2 315
{ 0,0} 2 301 0,0, 2 275
0,0, 2 240 0,,-0,3 2 237
0,0, 2 279 0,0, 2 288

Mey,-0, 1 1-87 A Mes—0Op, 1 2:06 A
Mey-0,y 1 1-88 Mes-0,, 1 1-97
Mey-0g 1 1-84 Mes-0, 1 1-92
Mey—O; 1 1-92 Me~0,, 1 1-86
Me,—O, 2 2:00 Me, 0,3 2 2-01
0,0, 1 2-66 0,-0,, 1 276
0,0 1 278 0,0 1 278
00! 1 2-78 0,70, 1 2-76
00, 1 2-37 0,0, 1 2:73
0,0, 2 240 0,50, 2 2-37
0,05 2 301 0,0, 2 275
00, 2 298 0,0, 2 314
00, 2 241 0,0, 2 279

Mey-0g 1 1-95 A Meg-0,, 1 1-93 A
Mey-0;, 1 1-77 Meg-0; 1 2-00
Mey-0y 1 211 MegO 1 1:90
Mey—O} 1 2:33 Meg-0,, 1 2-06
Mey-0, 2 209 Meg-0,5 2 1-90
0g-0, 1 2-71 0,0, 1 2-71
0,-0y 1 2:89 040y 1 2-75
00! 1 2-71 0,0y 1 2.83
00! 1 2-98 0,;-0,, 1 2-80
0,0} 2 241 0,0,y 2 271
0,0, 2 274 0,0, 2 271
0,-0,, 2 324 00,6 2 269
0,-0, 2 287 0,50, 2 279

* Me represents a scattering units (} Ti+£ Nb).
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atoms, guided by the knowledge of TiNbzO;, were
introduced. If Ti and Nb are assumed to occupy the
metal positions at random, and with the centro-
symmetrical space group Amma, the k0l data, before
any refinement, gave a discrepancy of 189%. The
parameters were revised by Fourier projections on
(010); by Fo, by Fo— Fmetats, and finally by F,—F,
summations. No evidence for the lack of a centre of
symmetry could be found. The discrepancy for A0l was
11-4% and for k1l 13-2%, using an overall isotropic
temperature factor B=0-3 Az,

The number of parameters determined by the
projection is 37, and the number of observable re-
flexions was limited by the many non-systematic
absences to 86. Consequently the accuracy of the
structure cannot be regarded as high. The metal-
oxygen distances are probably accurate to 0-04 A
and oxygen-oxygen to 0-06 A. Table 4 includes the
ideal positions as well as those evaluated from the
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Fourier analysis. A complete list of interatomic dis-
tances, and a comparison between I, and F, are given
in Tables 5 and 6. The structure is illustrated by
Fig. 1(a) as atoms and their bonds.

Crystal structure of monoclinic Ti,Nb,,0,,

Although the monoclinic phase was not sufficiently
well developed for single-crystal studies, the A00
reflexions could be identified and their intensities
measured with reasonable accuracy. Within the limits
of experimental error, the values were identical with
$(R00) reflexions* for the orthorhombic dimorph. The
structures of the two were therefore undoubtedly alike
as the similarity of the powder patterns had suggested

* h00 occurs only for h=2n in the orthorhombic phase.
(200), (400) ete. can be compared with (100), (200) ete. for
the monoclinic.

Table 6. Observed and calculated structure factors for orthorhombic TiaNbyOzo

Unless at variance with F,, the non-observed reflexions are omitted

hkl F, I, Rkl F, F,
200 10-3 181 23,06 576 569
400 273 272 29,06 405 481
600 735 170-3 30,06 548 680
800 156:0 170-6 31,06 224 347
10,00 436 509 008 288 265
12,00 506 506 108 409 328
14,00 1558 167-6 308 161 148
16,00 946 943 708 286  20-3
18,00 253  30-8 808 209 198
20,00 273 324 1508 367 438
22,00 1322 1188 00,10 182-6 1721
28,00 <21-6 267 10,10 183 157
30,00 981 1223 40,10 187 164
34,00 330 363 60,10 44-2 376
36,00 194 200 70,10 <161 21-6
002 9-9 4.4 80,10 1032 955
102 198 192 10,0,10 299 309
1502 231 224 12,0,10 257 277
004 779 683 14,010 959 992
104 290 256 150,10 <196 229
304 114 87 16,010 535 582
504 145 109 22,010 761 677
604 132 200 30,0,10 831 841
704 299 22.1 00,12 <172 237
804 290 270 10,12 612 508
14,04 387 359 70,12 649 614
1504 367 315 150,12 590 672
22,04 257 188 23,0,12 567 452
23,04 264 25T 29,0,12 388 223
006 1373 1254 31,012 185 274
106 801 647 00,14 26-8 189
306 275 228 80,14 246 213
506 205  24.7 00,16 882 950
606 275 233 10,16 658 574
706 697 630 70,16  70-8  57-3
806 748 660 80,16 607 523
906 194 229 14,016 493 582
10,06 174 214 150,16 761  84-8
12,06 191 192 16,0,16 378 462
14,06 70-8 691 22,016 429 384
1506 899 879 23,0,16 519 496
16,06 475 492 29,016 534 572
22,06 517 512 00,20 30-8 310

ACl14— 43

hkl F, F, hil F, F,
10,22 691 762 31,15 571  54:2
70,22 810  79-7 017 383 258

15,022 792 1094 817 339 205
0024 231 286 14,17 195 150
00,26 429 458 01,11 1535 1341

011 791 79-1 11,11 93-5 804
111 654 681 31,11 185 288
311 207 261 51,11 288 306
511 188  27-0 61,11 234 274
611 102  10-8 71,11 949 858
711 588 697 81,11 834 871
811  47-3 482 91,11 200 186
911 129 177 12,1,11  21-2 261
10,11 <137 185 14,1,11 769  81-1
12,11 222 148 151,11 961 112
14,11 451 448 16,1,11 459 494
15,11  87-8 950 21,1,11 237 219
16,11 264 267 22,1,11 622 649
20,11 220 155 23,1,11 61-2 538
21,11 227 2232 29,1,11 647 706
22,11 400 322 30,1,11 634 711
23,11 627 450 31,111 434 404
29,11 439 544 01,13 351 278
30,11 417 342 151,156 515  56-2
013 803 621 23,115 249 242
113 229 123 01,17 1076 8§74
613 11-5 131 81,17 656 593
713 212 116 14,117 573 549
813 288 361 16,1,17 456 420
14,13 249 34.7 22,1,17 414 469
15,13 185 130 11,19 334 277
16,13 271 322 71,19 405 328
115 1074 896 151,19 363 338
315 3851 352 01,21 861 905
515 332 364 11,21 4144 430
715 705 747 71,21 327 291
915 364 294 81,21 534 500
15,15 1215 136-3 14,1,21 617 633
23,15 891 748 15,1,21 619 640
2515 395 318 16,1,21 334 403
27,15 237 175 01,23 268 261
29,15 639 772 81,23 220 245
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earlier, The differences between them were most
probably due to the kind of organization, rather than
to its degree.

Table 7. Fractional atomic parameters postulated for
monoclinic TizNbjoOzp
Space group A2/m
Probable distorted

Point Ideal structure structure

Atom  position afa zfe zla zfe

Me* 4(1) 0-071 0-069 0-099 0-068
Me, 4(i) 0-071 0-669 0-096 0-697
Me, 4(i) 0071 0-869 0-097 0-881
Me, 4(i) 0:357 0-156 0-367 0149
Meyg 4(7) 0-357 0-756 0-366 0779
Meg 4(1) 0-357 0-957 0-366 0-964
0, 2(e) b 0 Y 0

0, 4(1) 0071 0-169 0-066 0-166
0, 4(d) 0-071 0-369 0-038 0-358
0, 4(1) 0-071 0:569 0:086 0-602
Oy 4(7) 0-071 0-769 0:090 0-784
Oy 4(i) 0-071 0-969 0-074 0-971
0O, 4(1) 0-214 0-113 0-220 0-106
Og 4(i) 0-214 0713 0-228 0:730
Og 4(1) 0-214 0-913 0-222 0-920
Oy 4(1) 0-357 0-056 0-362 0:055
O:; 4(1) 0-357 0-256 0-364 0-247
Oy, 4(i) 0-357 0-456 0-364 0-463
Oy 4(i) 0-357 0:656 0-364 0-678
0,4 4(1) 0357 0-856 0-364 0-869
0,5 4(1) 0500 0:190 0-500 0:188

* Me denotes (} Ti+ } Nb) as a scattering unit. The num-
bering of the atoms does not necessarily correspond with
Table 4.

An ideal model, fitting the crystallographic and
chemical criteria, was readily devised. By this time
there were two independent sets of information with
which the movements of atoms from ideal positions
could be assessed, and it was a matter of little difficulty
to derive a set of parameters which could be expected
to be a close approximation to the correct values.
These are given in Table 7. Intensities, to be compared
with the Guinier camera film, were calculated by
means of the formula

I o [(14cos? 20.,.cos? 20)/(sin? 0. cos 6)].p. Fiy ,

where 0, is the angular setting of the monochromator*
and the other symbols have their usual meaning.
These are included in Table 3. This comparison does
not justify the accurate structure of the monoclinic
form defined by the fractional atomic parameters.
All that is claimed is that it cannot be far in error,
and that good single-crystal data will lead to a refined
set of values which would nevertheless give a structure
of the kind now proposed for it. The bond lengths
have not been evaluated, as they have been made to
resemble the orthorhombic form.

* In this case, the (1011) reflecting planes of a quartz
crystal, used with a copper target, give 0, =13° 21"

MIXED OXIDES OF TITANIUM AND NIOBIUM. II

Comparison of the structures of Ti;Nb,;;0,,
and of TiNb,0O;

A common feature of the three structures is the dis-
order amongst the Ti and Nb atoms; a metal position
is occupied by one or other of these elements in a
random fashion. Although diffuse streaks in the single-
crystal photographs of all three demonstrate that
some short-range order exists, from a chemical view-
point the compounds are binary oxides with formulae
Mey3029 and Me3O; respectively.

I AN A DA
\ 720\ 7\ Z 787

Fig. 2. (a) Blocks of the ideal ReO,-type structure, limited in
width to three. The centre block is displaced downwards
by half an octahedral diagonal; each hatched square repre-
sents an octahedron in projection as viewed down a corner.
Below it is a unit of the hypothetical Me,O4 structure
formed by fusing together the blocks of octahedra. A single
sheet is distinguished by the letter S. (b) In the upper part
of the diagram, two Me Oy blocks consisting of S units are
translated sideways by 1} octahedral diagonals. These can
then be joined together, as in the lower portion of Fig. 2(b)
to form the double octahedral sheet or D unit.

Methods of description need to be devised to clarify
structures as complex as these and to demonstrate
their relationships to one another as well as to simpler
structural types. In Fig. 2(a) are drawn blocks of the
ideal ReOgs-type structure, extending parallel to the
margin and out of the plane of the paper, but limited
to three octahedra in width. The blocks consist of
octahedra sharing corners, and each alternate one is
displaced half a diagonal downwards. If these blocks
are then joined together by edge sharing, a hypo-
thetical structure of the formula Me3z0s, and also
shown in Fig. 2(a), is formed. One of the representative
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two-dimensional segments of this structure will be
called single (or ), to denote that it is composed of
a single octahedral thickness.

Blocks of the Me3Os structure are drawn in Fig. 2(b),
the one below being translated by 1} octahedral
diameters. If these two units are again joined together
by additional edge sharing, a double (or D) row can
be drawn as in the lower part of the figure.

S
D
N
N /AN
\ZNV, D
NZANY
AN s
N A \§
Z S
\\4
N RN
NVNVZIX ZIN R 0
N7 NV N7 Ny NN
)
AN AN 27 W\
NN N ZINZIN D
N7 NA N N7/
)7 7\ NN s
N &% NZAYY%
ZIN 2N AN AN s
N7 Y N2\ 4
AN AN 7 ZIN ZIN
NZINZIN 71 NZINZIN D
NZ0 2 | & NONZANZ

Fig. 3. (a) TiNb,O,, drawn as idealized octahedra, consists of
alternating D and S units (see Fig. 2(a) and 2(b)).
(b) Monoclinic Ti,Nb;(O0,, consists of D units alternating
with two § units. (¢) Orthorhombic Ti,Nb,,0,, consists of
D units alternating with two S units in the same way as
its dimorph, but each alternate D is the mirror image of
the other.
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The three compounds can now be described in terms
of these two units, the D or double, and the S or
single sheet of octahedra. TiNbsO- consists of D and S
units alternating one with the other (Fig. 3(a)), and
joined together by common corners (i.e. oxygen atoms).
Monoclinic Ti2Nb1oO2s has D sheets separated by two
S sheets, all of which are joined together by corners
(Fig. 3(b)). Orthorhombic TisNb;oO2 can also be de-
scribed in the same way as its dimorph, but each
alternate D sheet is the mirror image of the other
(Fig. 3(c)). The three phases are therefore closely
related to each other. The asymmetric unit of each of
the two chemical types can, in fact, be given the
general formula Me3,0sn-3; TiNb2O7 corresponds to
n=3, TiaNb1g0ze in both its forms to n=4.

This is in accord with the two series of oxides which
have been previously studied, (W, Mo0),0s,-1 (Higg
& Magnéli, 1954) and TipO:2,-1 (Andersson, Collén,
Kuylenstierna & Magnéli, 1957). In all three cases a
member derives its structure from that of a parent
oxide, and an individual unit of a series contains
features which are common to all other members of it.
A characteristic is the regular occurrence of planes
which form boundaries between blocks of the parent
phase. These have been called crystallographic shears
(Wadsley, 1958) and the formation of the D unit from
blocks of the Me3Os structure, which is the parent for
this new series, can be described in this way (Fig. 2(d)).

The possibility of additional homologues

The phase diagram of Roth & Coughanour (1955)
showed that only two congruently melting inter-
mediate compounds were formed between TiO: and
Nb2Os. The two series (W, Mo0),Oss-1 (Higg & Mag-
néli, 1954) and Ti,Os.-1 (Andersson ef al., 1957) each
contain several members with the shear representing
a discontinuity between large blocks of the WO3 and
TiOz (rutile) structures respectively. If additional
members of the Mes,0sn-3 group exist, they will be
limited in number to three; n=2, 5, and 6 will give
M66013 (1e Ti4Nb2013), M615037 (TiNb14037) and
Me18045(NbeOs). MegO13 would be constructed solely
from D units sharing corners, Me;5037; from D groups
separated by three S groups, and Me;3s04 by four
S units. In each case dimorphs could be expected,
as D can also be present systematically as its mirror

Table 8. Predicted unit cell dimensions of additional homologues*

n in Me3nOgp_3 Compound a b c B System
. 870 A 380 A 20-50 A 135° 0’ A2/m

2 TigNby O, { or g.70 3-80 15-61 113°12°  P2jmt

12-30 3-80 20-50 90° Amma
5 TiNb,,0,, 19-45 3-80 20-50 108°26’  A2/m

36-90 3-80 20-50 90° Amma
6 Nb,30,5(=Nb,0;) 23-37 3-80 20-50 105°15°  A2/m

45-10 3-80 20-50 90° Amma

* b and ¢ were arbitrarily chosen to have equal values for all members.
1 A new orientation to give a primitive unit cell is possible. This is related to the centred cell by the transform 100/010/101.
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image, as we have seen in orthorhombic TizNb;oOgs.
The unit-cell dimensions (which are listed in Table 8)
together with the ideal and the probable distorted
atomic arrangements for each can readily be predicted,
and it is therefore a simple problem to compute
theoretical Guinier diffraction patterns to compare
with those made from laboratory preparations. Such
an aid is considered indispensable in a problem of this
kind.

Attempts were made to prepare the two inter-
mediates =2 and 5. The low temperature forms of
Nb205 and Ti2Os were weighed and heated together
at small temperature intervals from 700 °C. through
to the quenched liquidus. TidNbeOis (i.e. n=2) was
not found in any of these, and all specimens consisted
of TiNb2O7 plus rutile. TiNbi14Os3; (n=>5) gave a be-
wildering variety of diffraction patterns bearing con-
siderable similarities to one another as well as to
oNb20;5, the high temperature form, but containing
diffuse regions and many additional lines. At no time
could it be stated that the Guinier patterns consisted
solely of one or other of the two predicted forms, and
evidently considerable crystalline disorder was present
as well.

In some respects the cell dimensions reported for
Nb20s in certain of its forms resemble those for
Me1g045 in Table 8, the high-temperature form to the

Acta Cryst. (1961). 14, 670

MIXED OXIDES OF TITANIUM AND NIOBIUM. II

monoclinic and the y form to the orthorhombic.*
Similarities between the ¢ form and an Me30s oxide
(Us0s) have also been noted (Holser, 1956). Disorder
as well as distortion undoubtedly plays an important
role in these structures, and additional reference to
this will be made elsewhere.

It appears, therefore, that TiNbzO; and TizNb;gOz¢
are the only representatives of the series Me3,0gn—3
which can be identified with certainty within
TiO2-Nb20s. Other members may eventually be found
in chemical systems of a related kind.
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Following Bragg’s method, expressions for eontinuum, dipole and Coulomb anisotropies as well as
ionic polarizability and density changes are given for the piezo-optic birefringence in crystals. Certain
simplified assumptions lead to the evaluation of the strain-optical coefficients P, and P,, from the
observed difference (P,—P,,). Expressions for Mueller’s strain polarizibility constants are seen to

depend on wavelength and temperature.

1. Introduction

Attempts have been made by Banerjee (1927), Herz-
feld (1928), Herzfeld & Lee (1933) and Mueller
(1935a) to explain the photoelastic effect in cubic
crystals. Banerjee developed a theory on the lines
suggested by Bragg (1924a, b), Herzfeld & Lee adopted
the lattice sum method of Madelung, and Mueller
based his calculations on Born’s theory of crystal
lattices. While all these investigators considered the
anisotropies arising from the Lorentz-Lorentz and
Coulomb forces, Mueller considered the additional
effect of strain on ionic polarizabilities. Mueller’s

treatment shows that Bragg’s & Born’s methods are

equivalent. All these attempts, however, have had a
limited success. Discussions (Poindexter, 1955) based
on quantum-mechanical considerations also do not lead
to a satisfactory solution of the problem.

Mueller has drawn attention to the serious errors
found in Banerjee’s work. Banerjee’s approach though
essentially sound, does not take into account all
possible factors that contribute to the observed
birefringence. Mueller’s work, in spite of its distinctive
advance over the work of Banerjee and of others,
neverthelsss itself suffers from certain serious draw-



