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The crystal structure of Nb,;0,,(mon) has been studied using
single crystal X-ray methods. The unit cell has the dimensions:

(31.32 &+ 0.05) A
(3.832 + 0.006) A
(20.72 £ 0.04) A
(112.93 + 0.07)°
= (2290 + 10) A3
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and contains 4 formula units of Nb,,0,,. The structure proposed has
the symmetry 42/a and may be described in terms of NbO,-octahedra
which share edges and corners to form an infinite threedimensional

framework. It is closely related to the structure proposed for
Ti;Nb,,O,,(mon) by Wadsley.?

In an earlier paper ! in which the structure of NbO;4 was considered, it
was shown that the NbO. 4 sample consists of two phases and it was men-
tioned that all attempts to prepare the phases separately were unsuccessful.
Furthermore, one of the phases was shown to be Nb,,0,4(0-rh), which is iso-
structural with TizNb,,0,, (0-rh).2 The other phase was identified by its powder
pattern, and was supposed to be a monoclinic dimorph of the former, having
a structure very similar to that proposed by Wadsley for Ti,Nb,,0, (mon).2
It was accordingly given the formula Nb,,0,(mon). The present investiga-
tion shows that this assumption is correct in principle, but that the atomic
arrangement has a superstructure, leading to a doubling of the a axis.

The two forms of Nb,,0,, have since been prepared separately by Gruehn,
Bergner and Schéfer 2 in Miinster, and samples of the phases have most kindly
been placed at the author’s disposal.

EXPERIMENTAL
A rod-shaped single crystal of Nb,;0,,(mon), about 0.1 mm in length and 0.03 mm in
diameter, was picked out from the same sample of NbO, ,, as was used in the investiga-
tion of Nb,;,0,,(0-rh).! Although this erystal did not give quite perfect reflexions it was
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used in the investigation since no other single crystal could be found. Unfortunately all
crystals found in the single phase sample mentioned above were twins.

The crystal was rotated about the rod axis (b axis) and both integrated and noninte-
grated Weissenberg photographs h0l—h2l were taken using CuKa radiation. MoKa
radiation was then used to obtain the nonintegrated photographs 23!—h4l. The reflexions
were recorded by the multiple film technique and their relative intensities were estimated
visually by comparison with an intensity scale. As the crystal investigated was so small,
absorption effects were neglected. Lorenz and polarisation corrections, Fourier syntheses,
stucture factors, least square refinements and interatomic distances were calculated by
means of a SAAB D21 computer using a set of crystallographic programmes written by
Abrahamsson et al. The scattering factors, modified by an overall isotropic temperature
factor of 0.3 A2, for Nb*+ were derived from those given by Thomas and Umeda ® and
Suzuki’s * data for O* were used. No correction for dispersion was applied.

UNIT CELL AND SPACE GROUP

Unit cell dimensions were calculated from a powder photograph, taken
with a Guinier focusing camera, KCl being used as an internal standard. In
Table 1 observed and calculated powder data for Nb,,0,4(mon) are compared
with those for Nb,,0.(0-rh). In both cases the single phase samples from
Miinster were used. The following cell dimensions were obtained:

Table 1. Powder photographs of Nb,,O,(mon) and Nb,,0,(o-rh). CuKe« radiation.
Acuke = 1.5418 A.

Nb,;0,,(mon) Nb,30,,(0-rh)

I |sin20 x 10° hkl sin?0 x 10% I I |sin®@ x 10° ikl 8in?0 x 10°| I
obs obs cale calc | obs obs cale cale
w 281 200 286 16 m 283 200 285 11
w 597 202 602 14 | vvw 553 002 5556 2
vw 650 002 653 7 m 624 102 626 17
w 1139 400 1142 12 m 1141 400 1141 10
st 2227 204 2224 28 vVvw 1196 302 1197 2
m 2564 600 25670 23 st 2218 004 2219 19
vvst 4224 011 4212 81 vw 2285 104 2291 7
w 4335 211 4329 13 st 2566 600 2567 21
vvst 4578 800 4570 92 vvst 4186 011 4184 38
vw 4670 211 4666 6 vvst 4257 111 4255 55
vvst 5009 4086 4998 64 | vvst 4570 800 4563 100
vvw 5163 208 5151 4 vw 4830 311 4826 8
m 5291 213 5298 20 vvst 4995 006 4993 55
vVvw 5404 606 5416 3 m 5055 106 5065 25
vw 5684 411 5691 5 st 5291 013 5293 22
vVWwW 6275 611 6278 2 | vvw 5364 113 53656 1
vw 6375 1004 6385 3 | vvw 5612 306 5635 3
vw 7123 1000 7140 3 vw 5969 511 5966 5
w 7284 611 7287 13 vVvw 6769 804 6782 2

215 7573 30 | vw 7123 1000 7130 5
vvet| 7577 | 415| 7588 22 | vvst| 7580 | 115| 7584 50
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STRUCTURE OF Nb,;0y(mon) 873

Nb;30,4(mon) Nb,30,(0-rh)

a = (31.32 4 0.05) A a = (28.87 4+ 0.05) A

b = (3.832 4 0.006) A b = (3.833 4+ 0.006) A
¢ = (20.72 + 0.04) A ¢ = (20.70 4+ 0.04) A

B = (112.93 4 0.07)° V = (2291 4 10) A3

V = (2290 + 10) A3

Assuming that there are four formula units of Nb,,0, in the elementary

cell, the calculated density for Nb,;0y(mon) is deyc = 4.58 g ecm™ (for

Nb,3049(0-Th) dewye = 4.58 g cm™ and for the sample NbQOgsy dops = 4.62
cm™3).

All the lines in the powder photograph of Nb,,0,,(mon) could be indexed
using a unit cell with @ = 15.66 A, but the presence of five weak reflexions
observed during the examination of the Weissenberg photogram of the A2l
layer necessitated the doubling of the a axis, odd % indices being assigned to
these reflexions. In the A3l and 24! layers 27 similar weak reflexions with
odd % indices were found. The occurrence of these 32 reflexions could not be
explained by means of twinning.

The systematically absent reflexions are:

hkl with k 4+ 1 = odd
hOl with h = odd

which is characteristic of the space groups No. 15 A2/a and No. 9 da. All
reflexions Akl with » = odd are weak. It is possible that reflexions A0l with
h = odd occur, but are so weak that they are not observable. Thus space
groups No. 12 42/m, No. 8 Am, and No. 5 A2 are also possible. Both the space
groups No. 15 and No. 9 were taken into account, but since no significant
difference could be found between the results obtained, the non-polar group
A2[a was chosen.

POSITIONS OF THE ATOMS AND REFINEMENT OF THE STRUCTURE

Preliminary atomic parameters were derived from those proposed by
Wadsley for Ti,Nb,,0s (mon).? The niobium atoms were therefore placed in
the 8(f) positions and the oxygen atoms in the 4(a) and 8(f) positions of space
group A2/a.

The = and z parameters were refined by least squares calculations per-
formed on the observed 422 reflexions A0l—A2] with even h, until all shifts
were less than 1/5 of the standard deviations. During these calculations the
y values were kept constant, = 0 and 1, respectively. At this stage, the relia-
bility index, R dropped to 11.8 %,

Attempts were also made to refine the y parameters by a least squares
calculation performed on the observed 270 reflexions in 23/—h4l. The y para-
meters then assumed values which differed by 0—0.02 from the initial ones
and the reliability index dropped from 20 to 18 9%,. Since the standard devia-
tions were approximately 0.02 for the niobium positions and 0.1 for the oxygen
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Fig. 1. Electron density sections g(x0z), (a), and g(xiz), (b). Arbitrary scale. Black squares
indicate the positions of overlapping niobium atoms with ¥ = 4 and 0, respectively.
Dashed lines indicate negative values.

positions, the changes in the y parameters could, however, not be considered
to be significant. Fractional atomic parameters and their standard deviations
are given in Table 2.
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STRUCTURE OF NbyOy(mon) - 875

Table 2. Fractional atomic parameters and their standard deviations. Space group No.

15 4A2/a.

Atom Point position 3+ o y 2+ 0o
Nb, 8 f 0.0660 + 0.0006 0.0 0.0369 + 0.0009
Nb, 8 f 0.0665 4 0.0004 0.0 0.2239 4+ 0.0006
Nb, 8 f 0.0642 4 0.0004 0.5 0.3557 + 0.0006
Nb, 8 f 0.2015 4 0.0005 0.0 0.1190 + 0.0007
Nb, 8 f 0.2012 4 0.0004 0.0 0.3024 4 0.0007
Nb, 8 f 0.1999 + 0.0004 0.5 0,4329 + 0.0006
0, 4 a 0 0 0
0O, 8 f 0.006 -+ 0.004 0.0 0.195 4 0.005
O, 8 f 0.068 + 0.003 0.0 0.136 4+ 0.005
0, 8 f 0.071 4+ 0.003 0.0 0.333 4+ 0.005
O 8 f 0.072 4 0.004 0.5 0.057 4 0.005
O, 8 f 0.073 + 0.003 0.5 0.256 <+ 0.005
0, 8 f 0.067 4+ 0.003 0.5 0.446 4 0.005
O, 8 f 0.141 4 0.003 0.0 0.075 4 0.005
0, 8 f 0.140 4 0.003 0.0 0.270 4 0.005
O, 8 f 0.141 + 0.003 0.5 0.406 4 0.005
0, 8 f 0.220 4 0.003 0.0 0.031 + 0.005
Oy 8 f 0.208 = 0.003 0.0 0.220 + 0.005
O,s 8 f 0.204 4 0.003 0.0 0.413 4+ 0.005

14 8 f 0.223 + 0.003 0.5 0.134 4 0.005

1 8 f 0.210 4+ 0.003 0.5 0.333 4+ 0.005

Table 3. Niobium-niobium distances between edge-sharing octahedra. The average
standard deviation is 0.025 A.

Neighbouring Distance
atoms in
Nb,—Nb, 3.36
Nb,—Nb, 3.43
Nb,—Nb, 3.65
Nb; —Nb, 3.33
Nbg—Nb, 3.29

Electron density sections p(x0z) and g(x32) calculated from the A0I—h2!
data are shown in Fig. 1. These data are of course too limited to give the
correct three-dimensional electron density, but the sections give a fairly
satisfactory picture of the structure. The structure of Nb,,049(mon) is illus-
trated by an idealized picture of regular octahedra in Fig. 2, and a projection
of the real structure on the xz plane is given in Fig. 3. The niobium-niobium
distances between atoms in edge-sharing octahedra are given in Table 3,
and the niobium-oxygen distances within the octahedra in Table 4. The dis-
tances between adjacent oxygen atoms varies within the range 2.5—3.1 A
with an average standard deviation of 0.2 A. A comparison between observed
and calculated structure factors is given in Table 5.
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Fig. 2. Idealized structure of Nb,,0,,(mon)

with one unit cell indicated.

.wgm@wcm

Fig. 3. Projection on the zz plane of the

structure of Nb,,0,,(mon). Dashed circles

indicate the positions of niobium atoms at

y = 0.5 overlapped by oxygen atoms at
y = 0.0.

Table 4. Distances between central niobium atoms and coordinating oxygen atoms
within the octahedra. The average standard deviation is 0.1 A.

Central Ligand Distance Central Ligand Distance
atom in atom in 4
Nb, 0, 1.90 Nb, 0, 1.74

O, 2.02 O 2.13
2 x O, 1.96 0., 2.01
y 1.91 2 x Oy, 2.01
0, 2.18 Oy 2.54
Nb, 0, 1.76 Nb, 0O, 1.76
0, 1.85 O.s 1.81
o, 2.21 Oy 2.25
2 x O, 2.01 0., 2.23
0, 2.13 2 x Oy 2.00
Nb, 0O, 2.02 Nb, 0, 1.70
2 x 0, 2.01 0,,(1) 1.87
0, 2.19 0,,(2) 2.32
o, 1.83 2 X Oy 1.98
O, 2.22 i 2.23
DISCUSSION

Monoclinic Nb,,0,, is a member of the general oxide group B,Cpa(m = 3
and n» = 4) and can thus be described by a structural symbol (Fig. 4) of the
type introduced by Andersson ? to describe relations between transition metal

oxides.
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STRUCTURE OF Nb;;04(mon) 877

Table 5. Comparison between calculated and observed structure factors from Weissen-
berg photographs of Nb,;0,,(mon). CuKa radiation has been used to obtain the h0/—h2l
data and MoK« radiation for the h3l—h4l data.

[ \ (. 4 b3 )4
pxa B LE opx2 B opr2 flod pxa B odx2 8L
0 0 2 127 -140 14 0 594 533 2 121 221 186 4 47 s4 55 10 2 0 215 296
0 0 4 129 =109 14 °§ 333 331 2 1ﬁ 789 <681 54 4 592 =30 10 2 6 272 293
0 0 6 713 -200 14 012 562 ~527 2 111 334 347 4 9 3 209 255 10 2 8 390 361
0 0 8 167 -137 14 070 86T -827 2 1 3 902 813 54 q T 424 -469 10 210 485 518
0 010 306 «232 14 0 6 230 197 2 1 3 531 <558 34 ¢ § 355 -349 10 216 198 246
0 012 570 -524 14 O O 1185 9405 2 1 T 351 406 54 143 574 653 12 223 498 519
0 o;t 142 260 14 0 2 278 =309 2 1 1 216 <274 26 1321 288 -307 12 2f§ 221 =229
2 016 945 -837 14 O 4 123 MT 2 1 5 349 358 26 179 357 <344 12 2710 346 =307
20 124 128 14 0 6 300 -264 2 11 755 118 96 9317 508 459 12 2 & 320 315
2 o%g 153 102 14 010 243 230 2 121 786 698 56 47 333 376 12 2 8 574 =5%
20 185 196 14 012 111 122 2 123 203 253 26 4 5 656 697 12 2 O 346 AN
2 06 334 ‘30 14 014 183 210 4 121 =501 26 4 & 2 491 12 2 4 316 404
2 0 4 576 588 14 016 9 =527 4 113 392 335 28 123 245 321 12 2 6 676 13
2 0 2 164 =196 16 0286 235 205 4 171 387 =327 28 121 ¢ 519 12 210 121 -127
2 0 0 162 =146 16 032 175 =169 4 1 I 335 304 28 117 126 «160 12 2 16 276 ~305
202 65 1719 16 016 584 -524 4 1 3 808 693 171 471 =578 14 2 440 282
2 0 4 148 135 16 014 142 210 4 1 1 132 =158 29 4 5 136 162 14 2& 243 289
2 0 6 135 126 16 012 263 217 4 1 1 255 283 o8 4 212 «185 14 2 493 -4%6
2 08 287 266 16 010 325 232 4 1 5 635 626 29 1 196 -212 14 2'% 672 =681
2 010 974 =91 16 0 & 294 =317 4 1 T 143 -199 28 1 5 466 477 14 2 174 173
20 769 16 0 4 34 169 4 11 7 210 30 4§37 265 257 14 2 O 829 1079
4 0 286 =209 16 0 2 1568 =159 4 117 520 419 30 171 420 <524 14 2 2 247 =245
4 016 183 167 16 0 O 823 850 4 119 321 <202 15 388 =341 14 2 6 252 =220
4 0712 192 ~160 16 0 6 335 294 4 1 154 222 30 1 624 5% 14 210 220 205
40 438 -425 16 010 700 -673 6 1 273 =304 30 1_1 270 301 14 216 382 4
4 0 8 1216 1380 16 012 344 =-292 6 121 364 -383 32 177 531 -627 16 2 180 153
40 % 99 108 16 016 202 134 6 1 1& 1339 1411 32 19 559 468 16 zﬁ 485 =473
40 73 19 18 og 5 240 6 1 =146 32 1 % 227 266 16 218 259 191
4 00 276 268 18 O 445 =449 6 1 5 356 =304 32 1 7 162 207 16 z?é 220 1%
4 O 4 226 -264 18 010 387 =320 6 1 1 149 1M1 32 ¢ 558 364 16 2 243 =272
4 0 6 86121006 18 0 § 1004 1158 6 1 1 418 =527 34 11‘3 213 234 16 2 0 595 706
4 08 260 268 18 0 4 189 229 6 1 3 352 35 34 1 5 355 330 16 2 6 2 258
4 010 3 204 18 0 O 254 =214 6 1 5 367 =366 34 11_} 189 180 16 2 10

4 012 137 =99 18 O 6 438 ~424 6 111 356 =326 36 1 05 T91 16 212 220 =267
4 016 222 175 18 0 8 349 361 6 115 431 391 38 1 5 411 330 18 222 209 217
6 024 2 188 18 010 292 -206 6 1 524 429 "0 2 2 156 39 18 zé 407 =402
6 0 191 =702 18 016 256 <268 8 17 283 255 0 2 4 111 -84 18 217 272 «267
60 148 =158 20 022 677 =725 8 1313 305 ~271 0 2 6 139 136 18 2 6 792 962
60 4 412 20 010 861 845 8 111 399 3% 0 212 438 =450 18 2 O 206 ~181
6 0 1416 1438 20 O 8 465 ~468 8 1 5 382 307 0 214 260 222 18 2 6 350 -384
6 0 8 290 -261 20 0 6 224 286 8 1 3 175 172 1 2 4 128 0 18 2 8 282 322
6 0 € 320 ~323 2 0 0 335 335 8 1 1 672 <B4 1 2 211 0 18 210 142 =187
6 0 0 516 =559 20 0 4 411 <348 8 1 1 314 430 2 2 797 =751 20 2 554 =6
6 0 2 180 171 20 0 6 491 -487 B8 111 1065 1186 2 2 8 159 159 20 210 662 693
6 0 4 210 =240 20 016 416 5 8 117 199 =167 2 2 & 25 276 20 2 ; 389 ~380
6 06 114 =120 22 022 1% =171 10 1 932 882 2 2 4 392 427 20 2 208 5
6 010 315 -282 22 016 221 =275 10 1 695 ~644 2 2 2 216 ~140 20 2 O 320 291
6 014 109 =142 22 012 591 628 10 1 3 279 277 2 2 O 155 <107 20 2 4 269 309
6 016 886 824 22 010 452 362 10 1.5 158 =198 2 2 6 90 20 2 _6 401 ~432
8 0 265 218 22 0 O 980 -1069 12 121 742 791 2 2 8 223 238 22 2 % 470 5
8 og 361 304 22 0 2 214 206 12 113 333 2 210 820 -797 22 2710 286 312
8 014 329 ~266 22 012 268 212 12 1 _} 336 ~208 3 2 4 151 0 22 2 0 T16 =927
6 012 & 481 22 olt 174 =168 12 1 203 -243 4 222 189 -192 22 21_3 5 197
8 010 238 -170 24 016 859 854 12 1 1 239 =233 4 2 8 414 -330 24 218 9 769
8 0 94 56 24 014 220 -246 12 173 241 177 4 2 € 880 1091 24 21_2 257 =219
8 0 351 356 24 0 O 242 ~266 12 1 5 1148 1140 4 2 0O 220 199 24 2 140 1
8 02 101 105 24 0 6 242 =227 12 117 705 ~560 4 2 4 158 -212 24 2 O 241 -233
8 0 0 1125 ~1577 24 01% 3 687 12 119 266 228 4 2 6 770 -887 24 2 6 269 -207
80 4 9 151 26 0 765 =879 14 1ﬁ 350 208 4 2 6 213 216 24 210 770 635
8 O 6 240 ~192 26 0O 6 704 625 14 111 1178 =1207 4 210 228 26 210 98 1
8 06 85 87 26 0_8 240 -206 14 1 1 249 253 5 2 8 1M 0 26 2 6 624 =782
8 010 1789 762 28 0322 760 79 14 1 1 668 826 5 2.4 140 0 26 2 6 549 567
8 012 574 482 28 010 496 -648 14 1 3 284 =279 6 2322 654 639 26 2 8 153 ~190
8 014 110 =128 280 O 4 285 294 14 115 346 -318 6 212 3 344 28 210 506 =579
8 0316 154 «~185 28 010 147 141 16 1 186 -134 6 270 1054 1115 28 2 8 214 218
10 0§ 320 =253 30 01§ 488 =493 16 1 3 318 343 6 2 g 243 ~216 26 2 _4 193 266
10 0 90 899 30 O 191 -200 16 1 1 693 665 6 2 208 ~262 30 2 1_2 325 =447
10 032 192 =168 0.0 1045 944 16 111 5 «947 6 2 0 368 =410 2 200 ~182
10 010 317 286 32 03_2 192 200 18 117 789 ~701 6 2 2 179 149 30 2 Q0 676 855
10 0 8 =98 32 010 682 ~-693 18 17117 254 227 6 2 4 161 216 32 276 421 -633
10 0 § 592 =592 32 0 6 259 267 18 1 i 246 2 ‘6 210 271 -239 32 2 § 180 241
10 0 4 309 -354 32 O _g_ 121 146 18 1 S 934 1042 6 216 T41 TA5S 34 2 220 -211
1 0 0 362 371 34 0 171 =233 18 1.3 173 -207 @ zgi 1 198 34 2 € 585 620
10 0 6 366 35 340 6 675 6 20 121 640 -677 8 216 262 267 36 z_]_g 259 287
10 0 8 447 =455 34 0 O 257 228 20 111 364 437 © 234 278 ~232 36 210 450 472
10 010 587 603 34 0 139 =175 20 1 3 83 30 0 212 3% 401

10 016 260 271 36 ol“é 199 217 20 1 1 2711 289 8 2130 179 -138

12 og§ 644 5T4 36 0_1% 271 309 20 1 5 931 -823 8 2 6 340 293

12 036 260 36 070 478 510 20 111 270 ~240 6 2 0 915 =1243

12 012 248 168 36 0 O 194 =211 22 1 223 204 8 2 8 65 T3

12 070 389 -381 38 0716 165 224 22 117 304 -233 8 210 660 623

12 0 8 383 359 38 0714 210 -202 22 1711 880 1046 B 212 414 423

12 0 & 638 -689 38 0 1% 317 359 22 1 5 152 212 8 216 195 -168

12 0 0 428 <511 38 O 3 332 22 1 3 89 86 10 212 214 =228

12 0 4 506 4 0 1 1 613 1005 22 1 1 340 <351 10 21 798 786

12 0 6 814 913 0 1 5 355 =265 22 1 1 418 <551 10 270 258 217

12 012 110 109 0 111 687 -735 22 1 5 136 10 2 & 502 536

12 016 318 =333 0 121 176 =~218 22 111 374 322 10 2 4 238 295
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Table 6. (Continued).

[ (I [ ] { (B ]
B XLl obs oaTo 2 EL ofs oalo 2 X2 ofs caTo 2 X1 o'%- o&a h k1l g5 clo
0 3 5 229 -208 9 3 3_' 122 0 24 3 5 385 =203 4 4T 640 T2 13 4 2 119 ]
0 311 492 =554 3 123 0 24 311 380 555 4 4 0 127 124 13 4 6 97
0 313 221 168 10 3 604 T06 26 321 150 262 4 4 6 542 =625 14 422 240 375
0 327 35 3% 10 3 % ~594 26 319 288 ~285 4 4 8 199 148 14 4 183 215
13 122 0 10 3 3 311 217 26 317 339 383 4 410 220 159 14 412 278 =334
2 )ﬁ 510 -555 10 3 1 112 17 26 3 1_%. 254 2 5 4 8 180 0 14 470 584 ~4
2 331 278 255 10 3 5 133 136 26 3 394 -567 5 4 2 80 0 14 4 & 136 125
23 5 510 5 10 311 169 204 26 3 5 450 4 5 4.8 54 0 14 4 0 699 70
2 3 3 A6 ~357 10 321 517 554 26°3 11 228 99 6 422 498 =502 14 4 2 329 =166
2 3 1 142 «-179 11 3 3 135 0 28 321 374 440 6 470 8% T33 14 4 6 205 =156
2 3 5 244 259 12 321 771 657 28 3 1] 142 =135 6 4 B 215 =141 14 410 135 159
2 311 506 ~5%0 12 313 264 <267 28 3711 417 -4T7 6 4 € 218 ~173 14 416 320 =385
2 321 604 5% 12 3 T 211 -203 28 3 5 226 138 6 4 O 221 =255 15 413 103
3 313 133 0 12 35 201 ~175 28 3 3 203 ~177 6 4 2 177 102 16 416 262 =360
335 11 0 12 3 1 245 162 28 3 5 419 399 6 4 8 66 72 16 414 175 1
3 3.3 151 0 12 3 % 227 128 30 32] 245 416 6 410 198 =171 16 410 156 141
4 321 408 419 12 3 5 774 862 30 317 207 209 6 416 455 513 16 4 6 229 193
4 319 331 274 12 317 520 468 30 3711 275 433 T 4712 91 0 16 4 O 637 4
4 371 273 -241 13 3_’11, 163 0 30 3 5 335 -274 T 4.2 129 0 16 4 6 125 189
4 3 7 151 206 14 371 789 -6 30 3 T 487 8 422 156 160 16 410 396 =458
4 35 451 511 14 3 1 562 585 32 3327 175 280 8 434 237 -173 18 436 231 305
4 3 1 166 190 14 3 3 344 ~207 32 321 225 178 8 '432 37T 283 18 410 199 ~191
4 3 5 536 =578 17 3 46T 4TT 32 31 520 =531 8 410 140 =9 18 4 6 754 681
4 311 214 168 16 3 609 32 371 142 83 8 4 & 228 18 4 0 113 «133
4 317 428 390 16 31 126 154 32 3 5 3 385 8 4 0O 660 =812 18 4 6 185 =292
4 319 289 =233 16 3 3 298 245 32 3 3 289 -220 8 4 2 81 32 18 4 8 338 247
5 3 75 0 16 3 7 682 626 32 3 5 320 308 8 410 377 438 20 422 445 -519
53 93 0 16 3 5 112 152 34 371 209 ~185 8 412 364 318 20 410 448 491
5 3# 0 16 311 736 784 34 3 T 295 204 8 416 256 =130 20 4 8 436 =278
6 371 es6 1011 17 3 3 M 0 34 35 257 276 9 410 84 0 20 4 0 241 215
6 3 9 122 -89 18 319 381 207 34 3 5 525 =478 9 4 _4 65 0 20 4 6 237 =333
6 3 5 230 ~217 18 317 570 571 36 371 684 676 10 422 220 =179 20 4 16 347
6 33 203 92 18 311 218 «170 38 327 445 ~469 10 4 16 479 584 22 412 363 412
6 37 139 101 18 5_; 839 788 38 3 § 393 276 10 410 119 144 22 410 125 231
6.3 1 306 391 20 321 498 =567 38 3 T 573 -441 10 4 6 434 <381 22 4 O 762 =633
673 3 430 269 20 317 130 150 40 317 474 528 10 4 O 262 198 22 43% 251 151
6 3 5 231 -268 20 311 319 331 40 3 5 470 <424 10 4 6 150 202 24 436 493 589
6 311 229 =251 20 3 310 15 44 311 550 =563 10 4 8 325 =271 24 414 194 =167
€ 315 259 325 20 3 3 237 132 O 4 2 110 -=60 10 410 304 383 24 4 O 189 179
6 317 340 357 20 3 5 680 «670 O 412 226 =328 11 410 66 0 24 410 458 4
6 327 422 =436 20 317 411 442 O 414 176 165 11 4 4 100 0 26 4 & 463 ~5%
7 313 130 0 223317 187 ~187 1 .4 126 1 410 107 0 26 4_6 3680
73 117 0 22 371 813 815 2 478 417 =570 12 435 2 410 28 4722 523 4
8 327 673 o532 22 3 5 195 161 2 4 & 230 266 12 416 129 ~174 28 410 315 ~u45
8 375 114 209 22 3 1 252 «2719 2 4 2 153 -86 12 410 122 ~208 30 414 151 86
8 33% 298 ~195 22 3 1 339 441 2 4 B 213 171 12 4 8 333 226 30 412 236 345
8 311 136 273 341 150 273 2 410 637 559 12 4 & 444 -419 30 4 O 530 669
8 3 5 447 225 24 321 563 -458 2 422 525 567 12 4 & 31 32 478 448 -498
8 3 3 200 121 24 317 383 460 3 4 2 80 0 12 4 O 341 =274 34 4 & M7 4N
8 3 1 561 =609 24 3 173 «187 3 4 8 82 0 12 4 4 294 279 34 4_6 435 =414
8 3 1 246 =311 24 3 i 240 195 4 422 100 ~154 12 4 6 549 555 36 422 434 =430
8 311 89 92 24 3 425 <375 4 4 B 372 =229 12 410 183 =101 36 410 398 370

In his studies on various molybdenum and tungsten oxides Magnéli ® has
found several phases which are built up of major structural units or blocks
formed by metal-oxygen octahedra joined by the sharing of corners in the
same way as in the ReOj;-type structure. These blocks extend infinitely in
two dimensions but comprise a finite number of octahedra in the third direc-
tion. Adjacent blocks are joined by octahedra sharing edges. In the family
of oxides including the dimorphs of Nb,,0,, the structures likewise contain
structural units of ReO,-type. Here, however, the blocks extend over a finite

O= O O
_O\\o/é'ﬂ—'o';/—?l‘\&o
oo e L L ~
A\ RS
o0-3 — | | | ||
Z :1 =0——0%—0=0 Fig. 4. General formula representing the
I ' l I l oxides of the group ByUmm,(a). With
a O=Q—0—050 m = 3 and n = 4 this formula gives the
NAB___ 8Ny . structure for Nb,;0,(mon), (b). These
structural symbols are introduced by
b Andersson.’
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number of octahedra in two dimensions but have an infinite length in the
third direction, the mutual coupling of adjacent blocks being by octahedra
sharing edges. The description of structures in terms of such units has been
successfully applied by Wadsley and Roth 2°1! to the mixed niobium-tita-
nium and niobium-tungsten oxide systems and the concept may also be
helpful in further studies on binary niobium oxides.

Results of phase analysis studies on slightly reduced Nb,O; performed
by the author 12 are still not conclusive concerning the number and composi-
tions of phases existing in this region. The general appearance of the powder
patterns of the various niobium oxides rich in oxygen makes it, however,
possible that further phases exist with structures similar to the one described
in this article or related to the structures of high-temperature Nb,O;'® and
TiNby,Oge.1® A characteristic feature of the latter compounds is the presence
of metal atoms in a tetrahedral environment of oxygen atoms. The role played
in all these structures by the ReO,-type blocks is, however, a dominating one,
which is also reflected in the similarities between their X-ray patterns and in
particular their powder patterns. Thus the latter are of limited value in
establishing the structural type of such phases.

The doubling of the unit cell of Nb,,0,9(mon) may possibly be due to devia-
tions of the y parameters from the values 0 and 3, giving rise to a slight pucker-
ing of the atomic sheets parallel to the xz plane. The scattering effects from
this kind of deformation should be more easily observable in the layer lines
with high & values. A structure built up of puckered planes cannot be described
in terms of mirror planes, thus the space groups No. 12 42/m and No. 8 Am
were not considered, and since it was possible to explain the structure using
the concept of a glide-planes, the space group No. 5 42 was not taken into
account. Accordingly No. 15 A2/a probably is the correct space group.

The octahedra sheets building up Nb,,0,4(0-rh)! may be puckered in a
way similar to that in Nb,,0,(mon), which may also be the case in other
phases in this oxide system. As the a axis of Nb,,0.(0-rh) already extends
over two blocks of ReO;-type structure according to the zig-zag-arrangement
of the blocks in this structure, it is not probable that deviations from y = 0
and } will lead to a larger unit cell.

The observed data in this investigation seems to be insufficient for an
accurate determination of the y parameters. It is hoped that a single crystal
goniostat will be available at this department during the coming year, in which
case a reinvestigation of this compound is planned, or, alternatively, an
investigation of a related compound using complete three-dimensional data,
corrected for absorption.
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