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distances 1.95 and 2.76 A between meta l  and anion, 
anion and  anion respectively in N b 0 2 F ;  Vousden 
(1951) 2.00 and 2.82 A for KNbOs,  1.95 and 2-76/~ 
for N a N b 0 s ;  Bys t rSm's  (1944) da t a  for the pyrochlor 
s tructure,  based upon indirect methods,  is not  included. 

Complex s t ructures  such as this one are not  readily 
described in terms of the individual  a toms of which 
they  are composed; since it  bears a close resemblance 
to those of the twoforms of Ti2Nb10029 which are found 
in the system Ti0~-Nb20~, the three s t ructures  will 
be discussed together  in the  following paper  as mem- 
bers of an homologous series (Wadsley, 1961). 
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The structure of orthorhombic Ti2Nb10029, which has the lattice dimensions 

a=28-50, b=3"805, c=20 .51 /~ ,  

space group Aroma, has been solved by trial and error, and refined by electron-density projections. 
I ts  monoclinic dimorph, 

a=15.57,  b=3.814, c = 2 0 . 5 4 A ;  f l=113°41 ' 

has been shown, qualitatively, to have a closely related structure. Both have features which are 
common to Ti_Nb20 ~ as well and all three can be described as members of an homologous series 
MesnOsn- S. Attempts to prepare additional homologues were not successful. 

Introduct ion  

Two intermediate  phases were identified in the b inary  
system Ti0e-Nb205 (Roth & Coughanour,  1955). The 
s t ructure  of one, TiNb20~, was described in the preced- 
ing paper  (Wadsley, 1961) and the second, to which 
the formula Ti02.3  Nbe05 was given, is now reported 
in some detail. I t  proved to have the formula 
Ti2Nb10029 and to exist in two crystalline modifica- 
tions. 

E x p e r i m e n t a l  

React ion in the solid s ta te  a t  1400 °C. between Ti0~ 
and Nb20~ in the molar  rat io 1:3 gave c~Nbe05 as a 
separate  component.  Roth  & Coughanour (1955) be- 
lieved their  formula to be uncertain,  and indeed their  

phase d iagram suggested that it should perhaps  be 
richer in Ti02. A par t ia l  phase analysis gave the  most  
probable formulat ion 2 Ti02.5  Nb205 which was sub- 
sequently confirmed by the s t ructure  determinat ion.  

Two prepara t ions  were then made.  In  the  first, the 
weighed oxides were thoroughly ground together, 
pelletted, and reacted in the solid s tate  a t  1400 °C. 
for 36 hr. P a r t  of this was then fused in a p la t inum 
crucible and allowed to cool slowly. Debye-Scher re r  
pa t te rns  of these two preparat ions  were v i r tua l ly  
identical, bu t  the Guinier camera disclosed small dif- 
ferences between them. A single crystal  of the  sintered 
prepara t ion proved to have a large uni t  cell with 
or thorhombic symmet ry .  A crystal  of the fused phase,  
free from flaws or twinning, could not  be found. 
Nevertheless the Weissenberg photographs  clearly 
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s h o w e d  m o n o c l i n i c  s y m m e t r y  and w i t h  t h e  u n i t  cel l  
a n d  s p a c e  g r o u p s  l i s t ed  i n  T a b l e  1 t o g e t h e r  w i t h  t h o s e  
of t h e  d i m o r p h .  T h e  p o w d e r  p a t t e r n s  of t h e  t w o  a r e  
r e c o r d e d  i n  T a b l e s  2 a n d  3. 

T a b l e  1. C r y s t a l l o g r a p h i c  da ta  f o r  the two m o d i f i c a t i o n s  

o f  Ti2Nb10029 

Orthorhombic Monoclinic 

Latt ice dimensions a 28.50 A 15.57 A 
b 3.805 3.814 
c 20.51 20.54 
fl 90 ° 113 ° 41' 

Systematic absent hkl, Ic + l ~: 2n hkl, k + 1 ~= 2n 
Reflexions hO1, l :~ 2n 

hk0, h ~= 2n, k 4 2n 

Space group Aroma A 2 /m 
A m 2 a  A m  
A21ma A2  

Density Observed 4.40 _+ 0.05 4.30 +_ 0.05 
(g.em. -8) Calculated 4.45 4.33 

T a b l e  2. G u i n i e r  d i f f r a c t i o n  p a t t e r n  o f  or thorhombic  

Ti~Nb10029 

Comparison of observed and calculated data, Cu K a  1 radiation 
(limited to sin 2 0 < 0.18000) 

Relative 
intensity 

sin 2 0 (obs.) hkl sin 2 0 (calc.) I (obs.) (cale.)* 

0.00564 002 0-00564 vw 0-05 
0.00640 102 0.00637 m 0.23 
0.01166 400 0.01169 mw 0.14 
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 0.04239 s 0.45 
0.04314 111 0.04312 s 0.69 
0.04676 800 0.04676 vs 1.00 
0.04888 { 311 0.04897 t 0.11 } 

604 0.04888 w 0.01 
0.05079 006 0.05080 s 0.60 
0.05161 106 0.05153 mw 0.18 

{ 013 0-05368 I 0.25 1 
0.05370 206 0.05372 m 0.01 
0.05741 306 0.05738 vw 0.02 

0.05831 ~ 0.05 
0.05843 704 0.05838 f vw 

0.06064 511 0.06066 vw 0.03 
0.06941 804 0.06954 w 0.05 
0.07309 10,00 0.07306 w 0.04 

{ 115 0.07699 ] 0.52 } 
0.07703 606 0.07710 f ms 0.03 
0.07820 711 0.07819 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 0.10 
0.09103 108 0.09103 vw 0.04 
0.09448 515 0.09453 w 0.10 
0.09759 806 0.09756 m 0-21 
0.10058 813 0.10044 vw 0.05 
0.10551 12,00 0.10521 vw 0.02 
0-11210 715 0.11206 m 0.23 
0"13571 915 0.13544 vw 0.03 
0.14131 00,10 0-14110 m 0.29 
0.14306 14,00 0.14320 m 0.34 
0.16373 020 0.16392 8 0.47 

* The strongest reflexion (800) is given arbitrary value of 1.000. 

T a b l e  3. G u i n i e r  d i f f r a c t i o n  p a t t e r n  o f  m o n o c l i n i c  

TieNb10029 
Comparison of observed and calculated data,  Cu K a  1 radiation 

(limited to sin 2 0 < 0.20000) 
Relative 
intensity 

sm 2 0 (obs.) hkl sin 2 0 (calc.) I (obs.) (calc.)* 

0.00294 100 0.00292 vw O. 12 
0.00608 103 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 l l l  0.04360 w 0.16 
0.04662 400 0.04667 s 0.94 
0.04714 111 0.04716 vw 0.07 
0-05090 206 0.05078 s 0.69 
0.05242 { 106 0.05268 ] 0.04 } 

204 0.05272 f vw 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 
0.07677 ( 215 0 .07665)  0"35 ] 

115 0.07677 s 0"30 

i 015 0.08273 } 0.06 1 
0.08232 411 0-08203 ms 0.36 

315 0.08235 0.07 
0.09332 206 0.09338 w 0.19 
0.10284 515 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 
0.18641 { 70,1-0 0.18643 } 0.07 

800 0.18669 w 0.06 

* The strongest reflexion (011) is given the arbi trary value 
of 1.00. 

Crystal structure of orthorhombic Ti2NbloO29 

Copper radiation was used so as to increase the 
resolution of the reflexions. The hOl data were collected 
with an integrating Weissenberg goniometer and the 
multiple-film technique. The upper levels hll and h21 
were recorded without integration. Intensity readings 
were reduced in the normal way to IFI values, specimen 
absorption being neglected. The same scattering curves 
as for TiNb207 (Wadsley, 1961) were used, and the 
techniques otherwise were the same. The run of 
intensities for hOl and h21 were virtually identical, 
and therefore the atoms were on, or very close to, 
special positions along y. 

Since b is equal to 3.81 ~, 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) a n d  8(c) r e s p e c t i v e l y  for  A m 2 a .  T h e s e  t w o  space  
g r o u p s  d i f f e r  o n l y  in  t h e  y c o - o r d i n a t e s  w h i c h  a r e  
g e n e r a l  o n l y  for  t h e  l a t t e r  one .  Th i s  is n o t  f a v o u r e d  
b y  t h e  i n t e n s i t y  r e l a t i o n s h i p s  a l r e a d y  r e f e r r e d  to .  T h e  
8(b) p o s i t i o n s  for  A 2 1 m a  a r e  u n a v a i l a b l e  b e c a u s e  t h e  
c o n d i t i o n  x, y, z; x, ~, z ) is i m p o s e d .  I f  t h i s  is t h e  



666 

i , 

-~ (a) 

M I X E D  O X I D E S  O F  T I T A N I U M  A N D  N I O B I U M .  I I  

) 

\ p  ~ (b) 

Fig. 1. (a) and (b) Structures of orthorhombic and monoclinic 
Ti2Nb10029 respectively, as seen in projection on to (010). 
One half of the unit cell is shown in (a), and the whole in (b) 
as dot ted lines. The metal  atoms are the smaller, and 
oxygen the larger circles. 

Table 4. Fractional atomic parameters for orthorhombic 
Ti2Nb10029 

Space group Aroma* 
Point  Ideal structure Derived structure 

position x/a y/b z/c x/a y/b z/c 
8(]) 0.036 0 0.050 0.0494 0 0.0375 
8(f)  0.036 0 0.650 0.0481 0 0.6674 
8(f)  0.036 0 0.850 0.0486 0 0.8518 
8(f)  0.179 0 0.050 0.1834 0 0-0371 
8(f)  0-179 0 0.650 0.1828 0 0.6675 
8(f)  0.179 0 0.850 0.1831 0 0.852I 
4(c) ~ 0 0.050 ¼ 0 0.039 
4(c) ¼ 0 0.650 ¼ 0 0.662 
4(c) ¼ 0 0-850 ¼ 0 0.851 
8 (f) 0.036 0 0.550 0.043 0 0.576 
8(f)  0.036 0 0.150 0.033 0 0.146 
8(f) 0'036 0 0'750 0'045 0 0'757 
8(f)  0.036 0 0.350 0.019 0 0.346 
8(f)  0"036 0 0"950 0"037 0 0.948 
8(f)  0.107 0 0"050 0.110 0 0.039 
8(f)  0"107 0 0.650 0"114 0 0.661 
8(f)  0.107 0 0"850 0.111 0 0.852 
8(f)  0-179 0 0.550 0-182 0 0.567 
8(f)  0.179 0 0"150 0.182 0 0.136 
8(f)  0"179 0 0"750 0.182 0 0"758 
8(f)  0"179 0 0.350 0.182 0 0"352 
8(f)  0"179 0 0.950 0.181 0 0.945 

Atom 

Me1" ~ 
M% 
Me a 
Me 4 
M% 
M% 
01 
O~ 
Oa 
O4 
05 
0~ 
oi 
Os 
09 
Olo 
04 
O19. 
O13 
Ola 
O15 
O16 
* This orientation is retained to demonstrate the relation- 

ship to the monoclinie form of this compound. 
t Me is used to denote (~ Ti+-~ Nb) as a single scattering 

unit. 

correct space group, the atoms must therefore be in 
4(a). The alternatives are thereby reduced to Aroma 
or to A21ma. 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 TiNb207, 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 
Ti~Nblo029 

No. Length 

*Mel-O 5 1 2.27 A 

Mel-O s 1 1.87 
Mel-O ~ 1 2.47 

Mel-O 9 1 1.72 
Mel-O 4 2 2.07 

Os-O 9 1 2-80 

O9-O 5 1 3.09 
O5-O ~ 1 2-64 

Os-Os 1 1 2.99 

{ 04-0  s 2 3-25 
O4-O ~ 2 3.01 

O4-O 5 2 2"40 
04-03 2 2.79 

M%-O 4 1 1.87 A 

M%-Olo 1 1-88 
M%-O 6 1 1.84 
Me2-O 1 1 1.92 

M%-05 2 2"00 
O4-Olo 1 2-66 

Olo-O 6 1 2.78 
06-0  ~ 1 2-78 

O~-O 4 1 2-37 
04-05 2 2.40 

Olo-O 5 2 3"01 
06-05 2 2-98 
O~-O 5 2 2.41 

Mea-O G 1 1-95 A 

M%-011 1 1.77 

Me3-O 8 1 2" 11 
Mea-O ~ 1 2.33 

M%-O~ 2 2.09 

O6-Oll 1 2-71 
Oll-O s 1 2.89 
Oa-O ~ 1 2-77 

O6-O ~ 1 2.98 

07 -0  ~ 2 2.41 

O7-O 6 2 2.74 
O7-Oll 2 3-24 
O~-O s 2 2-87 

* Me represents a 

No. Length 

Me~-O 9 1 2-10/k 
Me4-O~6 1 1-90 

Me4-O 1 1 1-90 
Me4-013 1 2.03 

Me4-012 2 2-00 
09-0]6 1 2.81 

O~8-O 1 1 2.76 

O1-O13 1 2.76 
Ols-O9 1 2.88 
O1~-O]6 2 3.15 

O12-O1 2 2.75 

O13--O13 2 2"37 
O12-O 3 2 2-88 

Me5-O12 1 
~/e5-O10 1 
Mes-O 2 1 
Me5-O~4 1 
Mes-Olz 2 

O2-O14 1 

O14-O10 1 
Olo-O12 1 
O13-O 2 1 
O13-O12 2 
Ols-O 2 2 
O13-O14 2 
O13-Olo 2 

M%-O14 1 
M%-O a 1 

2P/e6-016 1 

Me6-011 1 
M%-015 2 
O14--O3 1 

O3--O16 1 
O16-Oll 1 
Oll-O14 1 

O15-014 2 
O15-O a 2 

O15-O16 2 
O15--011 2 

scattering units (~- Ti+-~- 

2-06 A 
1-97 
1-92 
1.86 
2-01 
2.76 

2-78 
2-76 
2-73 
2.37 

2-75 
3"14 
2-79 

1"93 A 
2"00 
1"90 

2-06 

1-90 
2-71 

2"75 
2-83 
2-80 
2-71 
2-71 

2.69 
2.79 

Nb). 
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atoms, guided by the knowledge of TiNb207, were 
introduced. If Ti and Nb are assumed to occupy the 
metal positions at  random, and with the centro- 
symmetrical space group Aroma, the hO1 data, before 
any refinement, gave a discrepancy of 18%. The 
parameters were revised by Fourier projections on 
(010) by Fo, by Fo-Fmetals, and finally by Fo-Fc  
summations. No evidence for the lack of a centre of 
symmetry  could be found. The discrepancy for hO1 was 
11.4% and for hll 13.2%, using an overall isotropic 
temperature factor B = 0.3 2~2. 

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 meta l -  
oxygen distances are probably accurate to 0.04 J~ 
and oxygen-oxygen to 0.06 ~. Table 4 includes the 
ideal positions as well as those evaluated from the 

Fourier analysis. A complete list of interatomic dis- 
tances, and a comparison between Fo and Fo are given 
in Tables 5 and 6. The structure is illustrated by 
Fig. l(a) as atoms and their bonds. 

Crystal structure of monoclinic Ti2Nb10029 

Although the monoclinic phase was not sufficiently 
well developed for single-crystal studies, the h00 
reflexions could be identified and their intensities 
measured with reasonable accuracy. Within the limits 
of experimental error, the values were identical with 
½(/zOO) 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 = 2 n  i n  the  o r thorhombic  phase. 
(200), (400) etc. can be compared with  (100), (200) etc. for 
the  monoclinic.  

h k l  .F o 

200 10.3 
400 27.3 
600 73.5 
800 156.0 

10.00 43-6 
12.00 5O.6 
14 00 155-8 
16 00 94.6 
18 00 25.3 
20 00 27-3 
22 00 132.2 
28.00 <21.6  
30 00 98.1 
34 00 33.0 
36 00 19.4 

002 9.9 
102 19.8 

15,02 23.1 
004 77.9 
104 29.0 
304 11.4 
504 14.5 
604 13.2 
704 29.9 
804 29.0 

14,04 38.7 
15,04 36.7 
22,04 25.7 
23,04 26.4 

006 137-3 
106 80.1 
306 27.5 
506 20.5 
606 27.5 
706 69.7 
806 74.8 
906 19.4 

10,06 17.4 
12,06 19.1 
14,06 70.8 
15,06 89.9 
16,06 47.5 
22,06 51.7 

_4. C 14 ~ 43 

Table 6. Observed and calculated structure factors for orthorhombic Ti2Nb10029 

Unless a t  var iance wi th  Fo, the  non-observed reflexions are omi t t ed  
1 7 T C  

18.1 
27.2 
70.3 

170.6 
50.9 
50.6 

167-6 
94.3 
30.8 
32-4 

118-8 
26-7 

122.3 
36.3 
20.0 

4.4 
19.2 
22.4 
68.3 
25.6 

- - _  

8"7 
10.9 
20.0 
22.1 
27.0 
35.9 
31-5 
18.8 - - - - _  

25-1 
125.4 
64.7 
22.8 
24.7 
~.~ 
63.0 
gg.~ 
22.9 
21-4 
19.2 
69-1 
87.9 
49.2 
51-2 

h k l  F o  t~ c 

23,06 57.6 56.9 
29,06 40.5 48.1 
30,06 54.8 68.0 
31,06 22.4 34.7 

008 28.8 26.5 
108 40.9 32.8 
308 16.1 14.8 
708 28.6 29.3 
808 20.9 19.8 

15,08 36.7 43.8 
00,10 182.6 172.1 
10,10 18.3 15.7 
40,10 18.7 16.4 
60,10 44.2 37.6 
70,10 <16.1 21.6 
80,10 103.2 95.5 

10,0,10 29.9 30.9 
12,0,10 25-7 27.7 
14,0,10 95.9 99.2 
15,0,10 < 19.6 22.9 
16,0,10 53.5 58.2 
22,0,10 76.1 67.7 
30,0,10 83.1 84.1 

00,12 < 17.2 23.7 
10,12 61.2 50-8 
70,12 64.9 61-4 

15,0,12 59.0 67.2 
23,0,12 56.7 45.2 
29,0,12 38.8 42.3 
31,0,12 18.5 27-4 

00,14 26.8 18.9 
80,14 24.6 21.3 
00,16 88-2 95.0 
10,16 65.8 57.4 
70,16 70.8 57.3 
80,16 60.7 52.3 

14,0,16 49.3 58.2 
15,0,16 76.1 84.8 
16,0,16 37.8 46-2 
22,0,16 42-9 38.4 
23,0,16 51.9 49.6 
29,0,16 53.4 57.2 

00,20 30-8 31.0 

h k l .F o 2" c 

10,22 69.1 76.2 
70,22 81.0 79.7 

15,0,22 79.2 109.4 
00,24 23.1 28.6 
00,26 42.9 45.8 

011 79.1 79-1 
111 65.4 68.1 
311 20.7 26.1 
511 18.8 27.0 
611 10.2 10.8 
711 58-8 69.7 
811 47.3 48.2 
911 12.9 17.7 

10,11 <13.7  18.5 
12,11 22.2 14.8 
14,11 45.1 44.8 
15,11 87.8 95-0 
16,11 26.4 26.7 
20,11 22.0 15.5 
21,11 22.7 22.2 
22,11 40.0 32.2 
23,11 52.7 45-0 
29,11 43.9 54.4 
30,11 41.7 34.2 

013 80.3 62.1 
113 22.9 12.3 
613 11.5 13.1 
713 21.2 11.6 
813 28.8 36.1 

14,13 24.9 34.7 
15,13 18.5 13.0 
16,13 27.1 32.2 

115 107.4 89.6 
315 35-1 35.2 
515 33.2 36.4 
715 70.5 74.7 
915 36.4 29.4 

15,15 121.5 136.3 
23,15 89.1 74.8 
25,15 39.5 31-8 
27,15 23-7 17.5 
29,15 63-9 77.2 

h k l  ~ o  .Fc 

31,15 57-1 54"2 
017 38"3 25"8 
817 33"9 20-5 

14,17 19"5 15-0 
01,11 153-5 134.1 
11,11 93-5 80.4 
31,11 18.5 28.6 
51,11 28.8 30.6 
61,11 23.4: 27.4 
71,11 94.9 85.8 
81,11 83.4 87.1 
91,11 20-0 18.6 

12,1,11 21.2 26.1 
14,1,11 76.9 81.1 
15,1,11 96.1 112.0 
16,1,11 45.9 49.4 
21,1,11 23.7 21.9 
22,1,11 62.2 64.9 
23,1,11 61.2 53.8 
29,1,11 64.7 70.6 
30,1,11 63.4 71.1 
31,1,11 43.4 40.4 

01,13 35.1 27.8 
15,1,15 51.5 56.2 
23,1,15 24.9 24.2 

01,17 107.6 87.4 
81,17 65.6 59.3 

14,1,17 57.3 54.9 
16,1,17 45.6 42.0 
22,1,17 41.4 46.9 

11,19 33.4 27.7 
71,19 40.5 32.8 

15,1,19 36.3 33.8 
01,21 86.1 90-5 
11,21 41.4 43.0 
71,21 32.7 29.1 
81,21 53.4 50.0 

14,1,21 61.7 63.3 
15,1,21 61.9 64.0 
16,1,21 33-4 40.3 

01,23 26.8 26.f  
81,23 22.0 24-5 
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earlier.  The  differences be tween  t h e m  were m o s t  
p r o b a b l y  due to  the  k i n d  of o rgan iza t ion ,  r a t h e r  t h a n  
to  i ts  degree. 

Tab le  7. Fractional atomic parameters postulated for 
monoclinic Ti2Nb10029 

Space group A2/m 
Probable distorted 

Point Ideal structure structure 
Atom position xia zic x/a zic 
Mel* 4(i) 0.071 0.069 0.099 0.068 
Me~ 4(i) 0.071 0.669 0.096 0.697 
Me~ 4(i) 0.071 0-869 0.097 0.881 
Me~ 4(i) 0.357 0.156 0.367 0.149 
Me~ 4(i) 0.357 0-756 0-366 0.779 
Me~ 4(i) 0.357 0.957 0.366 0.964 
O~ 2(c) ½ 0 ½ 0 
O~ 4(i) 0.071 0-169 0-066 0.166 
Oa 4(i) 0-071 0.369 0.038 0.358 
Oa 4(i) 0.071 0.569 0.086 0.602 
O~ 4(i) 0.071 0.769 0.090 0-784 
Oa 4(i) 0.071 0.969 0.074 0.971 
O~ 4(i) 0.214 0.113 0-220 0.106 
O s 4(i) 0.214 0.713 0.228 0.730 
O~ 4(i) 0-214 0-913 0.222 0.920 
O10 4(i) 0-357 0.056 0.362 0.055 
0 ~  4(i) 0.357 0.256 0-364 0.247 
O~a 4(i) 0.357 0.456 0.364 0.463 
Ota 4(i) 0.357 0.656 0.364 0-678 
O~a 4(i) 0.357 0.856 0.364 0.869 
O~s 4(i) 0.500 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. 

C o m p a r i s o n  of the s tructures  of Ti2NbioO ~ 
and of T iNb20~  

A c o m m o n  fea tu re  of the  th ree  s t ruc tu res  is the  dis- 
order  a m o n g s t  t he  Ti  a n d  Nb  a t o m s ;  a m e t a l  pos i t ion  
is occupied  b y  one or o the r  of these  e lements  in  a 
r a n d o m  fashion.  A l t h o u g h  diffuse s t reaks  in  the  single- 
c rys ta l  p h o t o g r a p h s  of al l  t h ree  d e m o n s t r a t e  t h a t  
some shor t - r ange  order  exists,  f rom a chemica l  view- 
po in t  t he  compounds  are  binary oxides w i t h  fo rmulae  
Me12029 a n d  Me~07 respect ive ly .  

(~ 

x 2T/  

\/txQ,/t  

~//x~£//,,.i,//~P// 

/ " ¢ /  X l /  x l / \  

T 

An idea l  model ,  f i t t i ng  t he  c rys t a l log raph ic  a n d  
chemica l  cr i ter ia ,  was r e a d i l y  devised.  B y  th i s  t i m e  
the re  were two  i n d e p e n d e n t  sets of i n f o r m a t i o n  wi th  
which  the  m o v e m e n t s  of a t o m s  f rom idea l  pos i t ions  
could be assessed, a n d  i t  was a m a t t e r  of l i t t l e  d i f f i cu l ty  
to  der ive  a set  of p a r a m e t e r s  which  could  be expec ted  
to  be a close a p p r o x i m a t i o n  to  the  correc t  values .  
These  are g iven  in  Tab l e  7. In tens i t i e s ,  to  be com pa red  
w i th  the  Guinier  c amera  f i lm,  were ca l cu la t ed  b y  
means  of the  fo rmu la  

I Qc [(1 + cos 2 2Ore. cos 2 20)/(s in  2 0. cos 0)]. p .  F~kz, 

where  0 m is t he  angu l a r  se t t ing  of the  m o n o c h r o m a t o r *  
a n d  the  o the r  symbols  h a v e  t he i r  usua l  mean ing .  
These  are i nc luded  in  Tab le  3. This  compar i son  does 
no t  j u s t i fy  the  accu ra t e  s t ruc tu re  of t he  monoc l in ic  
fo rm def ined  b y  the  f r ac t iona l  a t omic  pa rame te r s .  
All  t h a t  is c la imed is t h a t  i t  c a n n o t  be fa r  in  error ,  
a n d  t h a t  good s ing le -c rys ta l  d a t a  wil l  l ead  to  a re f ined  
set  of values  which  would  never the less  give a s t ruc tu re  
of t he  k i n d  now proposed  for it .  The  b o n d  leng ths  
have  no t  been  eva lua t ed ,  as t h e y  have  been  m a d e  to  
resemble  the  o r t h o r h o m b i c  form.  

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

(b) 

Fig. 2. (a) Blocks of the ideal ReOa-type strucgure, 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 Me308 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 MemO s blocks consisting of S units are 
translated sideways by 1½ octahedral diagonals. These can 
then be joined together, as in the lower portion of Fig. 2(b) 
to form the double oetahedral sheet or D unit. 

Methods  of desc r ip t ion  need  to  be dev i sed  to  clar i fy 
s t ruc tu res  as complex  as these  a n d  to  d e m o n s t r a t e  
t he i r  r e l a t ionsh ips  to  one a n o t h e r  as well  as to  s impler  
s t r u c t u r a l  types .  I n  Fig. 2(a) are  d r a w n  blocks of the  
idea l  ReO3- type  s t ruc ture ,  ex t end ing  para l le l  to  the  
m a r g i n  a n d  ou t  of t he  p lane  of the  paper ,  b u t  l imi ted  
to  th ree  o c t a h e d r a  in  wid th .  The  blocks consist  of 
o c t a h e d r a  shar ing  corners,  a n d  each  a l t e r n a t e  one is 
d isp laced  ha l f  a d i agona l  downwards .  I f  these  blocks 
are  t h e n  jo ined  t o g e t h e r  b y  edge shar ing,  a hypo-  
t he t i c a l  s t r uc tu r e  of t he  fo rmu la  Mea08, a n d  also 
shown in  Fig.  2(a), is formed.  One of the  r ep resen ta t ive  



A. D.  W A D S L E Y  669 

two-dimensional  segments of this s t ructure  will be 
called single (or S), to denote t h a t  it  is composed of 
a single octahedral  thickness. 

Blocks of the MesOs s t ructure  are d rawn in Fig. 2(b), 
the  one below being t rans la ted  by ix  octahedral  
diameters.  I f  these two units are again joined together  
by  addit ional  edge sharing, a double (or D) row can 
be d rawn as in the lower pa r t  of the figure. 

% xNzA ~ ~ s 

s 

(o) 

\~I'~/\~ 

(b) 

D 

s 

~.q)'/ D 

s 

(c) 

Fig. 3. (a) TiNb~O~, drawn as idealized octahedra, consists of 
alternating D and S units (see Fig. 2(a) and 2(b)). 
(b) Monoclinie Ti~Nb10029 consists of D units alternating 
with two S units. (c) Orthorhombie Ti2Nb~0029 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. 

The three compounds can now be described in te rms 
of these two units,  the  D or double, and the S or 
single sheet of octahedra.  TiNb207 consists of D and S 
units a l te rnat ing  one with the other  (Fig. 3(a)), and 
joined together  by  common corners (i.e. oxygen atoms).  
Monoclinic Ti2Nb10029 has D sheets separa ted  by  two 
S sheets, all of which are joined together  by corners 
(Fig. 3(b)). Orthorhombie  Ti2Nb10029 can also be de- 
scribed in the  same way  as its dimorph,  bu t  each 
a l te rna te  D sheet is the mirror image of the other 
(Fig. 3(c)). The three phases are therefore closely 
re la ted to each other. The asymmetr ic  uni t  of each of 
the  two chemical types  can, in fact ,  be given the  
general formula  MesnOsn-s; TiNb207 corresponds to 
n=3,  Ti2Nb10029 in both its forms to n=4.  

This is in accord with the  two series of oxides which 
have  been previously studied, (W, Mo)n03~-i (Hiigg 
& Magn61i, 1954) and Tin02~-I (Andersson, Coll6n, 
Kuylens t ie rna  & Magn61i, 1957). In  all three cases a 
member  derives its s t ruc ture  from t h a t  of a pa ren t  
oxide, and an individual  uni t  of a series contains 
features which are common to all other  members  of it. 
A characterist ic  is the  regular  occurrence of planes 
which form boundaries  between blocks of the pa ren t  
phase. These have been called crystallographic shears 
(Wadsley, 1958) and the format ion  of the  D unit  f rom 
blocks of the Me30s s t ructure ,  which is the paren t  for 
this new series, can be described in this way  (Fig. 2(b)). 

T h e  p o s s i b i l i t y  of a d d i t i o n a l  h o m o l o g u e s  

The phase d iagram of Ro th  & Coughanour  (1955) 
showed t h a t  only two congruent ly  melt ing inter- 
media te  compounds were formed between Ti02 and  
Nb~05. The two series (W, Mo)nO3n-1 (Hiigg & Mag- 
n61i, 1954) and Tin02~-i (Andersson et al., 1957) each 
contain several members  with the  shear represent ing 
a discont inui ty  between large blocks of the WOa and 
Ti02 (rutile) s t ructures  respectively. I f  addi t ional  
members  of the  MesnOsn-s group exist, t hey  will be 
l imited in number  to three;  n=2,  5, and 6 will give 
Me6Ola (i.e. Ti4Nb2Ols), MelsOsT(TiNb140sT) and  
MelsO45(Nb205). Me6018 would be constructed solely 
from D units  sharing corners, Me15Os7 from D groups 
separa ted  by three S groups, and MelsO¢5 by four 
S units.  In  each case dimorphs could be expected, 
as D can also be present  sys temat ica l ly  as its mirror  

Table 8. Predicted unit cell dimensions of 

n in Me3nOsn-a Compound a b 
8.70 A 3.80 

2 Ti4Nb2Ols or 8.70 3.80 
12.30 3.80 

additional homologues* 

c fl System 
J~ 20.50 • 135 ° 0' A2/m 

15-61 113 ° 12' P2/m t 
20.50 90 ° Amma 

5 TiNb1403v 19.45 3-80 20.50 108 ° 26' A2/m 
36.90 3.80 20.50 90 ° Aroma 

6 NblsO4s ( = Nb2Os) 23.37 3-80 20.50 105 ° 15' A2/m 
45.10 3-80 20.50 90 ° Amma 

* b and c were arbitrarily chosen to have equal values for all members. 
t 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 Ti2Nbl0Oe~. 
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 n= 2 and 5. The low temperature forms of 
Nb~.O~ and Ti~O~ were weighed and heated together 
at small  temperature intervals from 700 °C. through 
to the quenched liquidus. TicNbeO~" (i.e. n=2) was 
not found in any of these, and all specimens consisted 
of TiNb~.Ov plus rutile. TiNb~4Oav (n=5)  gave a be- 
wildering variety of diffraction patterns bearing con- 
siderable similarities to one another as well as to 
aNb~O~, 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 
Nb~O~ in certain of its forms resemble those for 
Me~sOa~ in Table 8, the high-temperature form to the 

monoclinic and the ~, form to the orthorhombic.* 
Similarities between the 7 form and an MesO8 oxide 
(U3Os) 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  TiNb20~ and Ti2Nb10029 
are the only representatives of the series Me3nOsn-8 
which can be identified with certainty within 
TiO2-Nb205. Other members may eventually be found 
in chemical systems of a related kind. 
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Following Bragg's method, expressions for continuum, 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 n  and P12 from the 
observed difference (Pn-PI~). 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 

t reatment shows that  Bragg's & Born's methods are 
equivalent. All these attempts, however, have had a 
l imited success. Discussions (Poindexter, 1955) based 
on quantum-mechanical considerations also do not lead 
to a satisfactory solution of the problem. 

Mue]ler 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- 


