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TiNb207 crystallizes as monoclinic needles, space group A2/m, and with the unit-cell dimensions 

a=11-93, b=3.81, c=20.44/~;  fl=120 ° 10'. 

The structure, solved by a trial-and-error procedure and then refined by Fourier methods, contains 
a random distribution of both Ti and :Nb in the metal positions of an octahedral structure of a new 
kind. 

Introduct ion 

The existence of series of metall ic  oxides which are 
closely related to one another,  chemically and  struc- 
tural ly,  is now well recognized. A part icular  series is 
derived from a simple structure by  the reduction of 
the valency of the meta l  ion, and  this is reflected in 
each member  by  features which are common to all 
of them. Perhaps the best known is the series 
(W, Mo)nO3n-1 based upon the ReOs type latt ice 
(H~tgg & Magn@li, 1954) in which n can have values 
from 8 to 14 inclusive, and TinO2n-1 (4 < n _< 10; 
Andersson, Coll6n, Kuylens t ie rna  & Magn@li, 1957a, b) 
and the related compounds which are derived from 
the ruti le form of TiO~. 

Ti 4+ and Nb 5+ are ions which can be expected to 
subst i tute  isomorphously for one another  in crystall ine 
solids; they  have approximate ly  the same ionic radii,  
and both form bonds to oxygen which are pre- 
dominan t ly  octahedral.  Two intermedia te  compounds 
which were found in the system TiO2-Nh205 (Roth 
& Coughanour, 1955) were considered l ikely to be 
members  of a s t ructural  series, and the crystal  struc- 
ture of one of them, TiNb207, is now described. An 
examinat ion  of the other is reported in the following 
paper (Wadsley, 1961). 

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

TiNbg07 is readi ly  prepared by  the reaction in the 
solid state of equimolar  proportions of reagent grade 
Ti02 and Nb205 from temperatures  of 1000 °C. up to 
the solidus. I t  melts  congruently at about  1500 °C. 
and forms t ransparent  yellow monoclinic needles on 
cooling. The unit-cell  dimensions, determined from a 

* Presented originally to the Gordon Research Conference 
on inorganic chemistry, New Hampton, N. It. August 10-14, 
1959. 

powder pa t te rn  taken with a Guinier- type focusing 
camera were 

a=11 .93 ,  b=3.81 ,  c=20 .44  J~, f l=120  ° 10'. 

The systematic  absences, hkl with k +  1 ~=2n, gave the 
space group al ternat ives  A2/m, A2 or Am. With  six 
formula units  in the uni t  cell, the calculated densi ty  
is 4.29 g.cm.-3 which m a y  be compared with the value 
4-25_+0.05 g.cm. -3 measured on a torsion micro- 
balance. Dyson (1957), who determined the dielectric 
properties and latt ice constants of TiNb207, gave 
figures corresponding to these, but  the side-centring 
was overlooked. His suggestion of four formula units  
for his uni t  cell led to poor agreement  between the 
densi ty  values. 

In tens i ty  da ta  were recorded by the mult iple  fi lm 
technique with molybdenum radiation.  The hO1 re- 
flexions were collected with an integrat ing Weissen- 
berg goniometer, and measurements  made with a 
s tandard  series of spots of the same shape and  size, 
obtained with the direct beam sui tably  reduced in 
in tens i ty  and appropriately masked. The hll and h21 
series were recorded without  integration. The measure- 
ments  were all reduced to the IF I terms with the usual  
correction factors, specimen absorption being neg- 
lected. Structure factors were computed with the Nb 5+ 
scattering curve derived from the tables of Thomas & 
Umeda  (1957), Ti 4+ from Qurashi (1954) and 02-  from 
Viervoll & Ogrim (1949). These were eventual ly  
modified by  an overall isotropic tempera ture  factor 

2 B = 1.19 A obtained experimental ly.  Calculations were 
made on SILLIAC at the Univers i ty  of Sydney through 
the courtesy of Dr J.  E. W. L. Smith.  

Structure  determinat ion  

The dis t r ibut ion of hO1 and h21 intensities, with due 
regard for observational  errors and for the effects of 
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_ _  
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_ _  

6O6 
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_ _  

10,06 
_ _  

12,06 
13,06 
~4_,06 
15,06 

Fo 
15.5 
65.8 

119.0 
33.1 

113-7 
52.2 
68.6 
51.6 
30.9 
22-6 
12.1 
11.4 
16.7 
30.6 
51.9 
15-8 
33.1 
17.6 
49.8 
13.0 
28.7 
21.0 
25.0 
37.1 
26.6 
28.1 
16.4 
61.2 
31.5 
70.2 
10.8 
37-1 
95.8 
25.7 
46.4 
47.9 
19.2 
82.5 
57.8 
20.7 
34.9 
23.2 
24.4 

. F  c 

21.9 
51.6 

116.7 
38.5 

127.5 
48.8 
73.2 
51-8 
29.7 
24.3 
16.5 
10.8 
16-4 
27.2 
48.3 
19.5 
24.9 
15.4 
54.4 
10.4 
28.1 
18.3 
26.5 
38.7 
28.8 
27.0 
22.1 
65.7 
24.4 
65.1 
_ _  

17.4 
32.2 
98.8 
26.9 
35.2 
45.2 
_ _  

21-0 
85-3 
57.8 
21-0 
37.6 
19-7 
24-1 

T a b l e  1. Observed and calculated structure factors 

The non-observed reflexions, unless at  variance with F c, are omi t ted  

hkl Fo Fc 
308 26.9 29.0 
108 16.7 16.4 
008 12.7 11.9 
i08 12-1 8.7 
208 33.1 27.5 
308 21.9 18.0 
. . . .  

508 24.1 23.4 
808 31.5 28.1 
908 17.0 15.5 

11,0,10 26.3 27.2 
8,0,10 38-9 43.1 
5,0,10 50.4 47.3 
3,0,10 37.7 39.9 
2,0,10 64.0 67.3 
1,0,10 21.3 21.0 
0,0,10 68.3 70.3 
10,10 27-2 22-7 

_ _  

30,10 105.4 119.5 
40,10 16.4 15.4 
_ _  

50,10 30.9 30.9 
60,10 67.5 60.5 
70,10 21.3 21.2 
80,10 62.1 65.1 

_ _  

90,10 17.3 20.1 
_ _  

11,0,10 38.3 38.7 
14,0,10 22.6 22-7 

2,0,12 27.5 30.3 
10,12 34.3 40.7 
30,12 32.8 33.2 
_ _  

40,12 34"3 36"4 
_ _  

60,12 40.5 39-2 
_ _  

90,12 42.7 43.3 
_ _  

12,0,12 28.7 27.3 
14,0,12 22.6 19.2 
17,0,12 26.3 19.2 

9,0,16 27.8 26.4 
6,0,16 34.3 39-2 
4,0,16 22.3 25.4 
3,0,16 21.3 24.5 
1,0,16 48.2 55.4 
0,0,16 23.2 15.6 
20,16 50.4 54.4 
_ _  

40,16 24.4 25.6 
50,16 62.4 60.5 

hlcl Fo Pc 
60,16 17-6 20"1 
70,16 35"2 30"1 
80,16 36"2 26"3 

10,0,16 54"7 50"9 
13,0,16 37"7 38"0 
16,0,16 25"0 26"3 

2__0,22 25"0 20"6 
10,2,2 39.9 44.7 
40,2,2 43.3 47.8 
_ _  

60,2,2 36.8 36.4 
70,2,2 36.8 39.8 
90,2,2 46.1 45.9 

120,2,2 46.1 48.1 
150,2,2 30-9 27.8 

811 31 28 
511 57 59 
411 15 12 
311 23 26 
211 31 40 

_ _  

111 23 27 
011 * 79 
I I I  * 33 
211 9 12 
311 47 62 
_ _  

511 25 25 
611 58 64 
711 23 22 
_ _  

811 31 26 
911 26 32 

l l , l l  36 40 
_ _  

14:11 26 __30 
113 37 45 

_ _  

613 22 28 
12,15 29 34 
10,15 30 23 

915 43 38 
715 62 54 
415 104 85 
215 26 23 
115 49 36 
015 26 28 
115 73 58 

* Unobservable.  

hkl Fo Fc 
215 78 53 
. . . .  

315 29 32 
415 49 34 
515 27 24 
715 64 84 

_ _  

10,15 52 48 
217 17 18 
_ _  

517 19 24 
817 25 17 

10,17 26 19 
81,11 26 27 
71,11 26 28 
51,11 44 52 
21,11 79 87 
01,11 49 42 
11,11 55 60 
21,11 28 33 
31,11 94 108 
_ _  

41,11 30 32 
61,11 84 87 
81,11 34 39 
91,11 72 68 

_ _  

10,1,11 26 26 
11,1,11 36 42 
12,1,11 25 30 

_ _  

14,1,11 36 27 
11,15 26 31 
01,17 25 26 
21,17 44 31 
51,17 58 51 
81,17 41 44 

_ _  

10,1,17 36 33 
11,1,17 25 27 
13,1,17 31 37 

21,21 32 34 
11,21 36 47 
41,21 25 35 
_ _  

61,21 44 51 
91,21 36 42 

12,1,21 26 29 
51,27 27 23 
_ _  

81,27 32 34 
11,1,27 27 33 

t h e r m a l  m o t i o n ,  w e r e  i d e n t i c a l .  Al l  t h e  a t o m s  c o m -  
p r i s i n g  t h e  s t r u c t u r e  w e r e  t h e r e f o r e  s i t u a t e d  in ,  o r  
v e r y  c lose  to ,  t w o  p l a n e s  n o r m a l  t o  t h e  y a x i s  a n d  
b/2 A a p a r t ,  m a k i n g  A2/m  t h e  m o s t  p r o b a b l e  s p a c e  
g r o u p .  S i n c e  t h e r e  a r e  s ix  f o r m u l a  u n i t s ,  t h e  a t o m s  
m u s t  be  i n  b o t h  f o u r f o l d  a n d  t w o f o l d  s i tes ,  a n d  o n e  
of  t h e  l a t t e r  c a n  b e  t h e  o r ig in .  T h e  P a t t e r s o n  f u n c t i o n  
wi l l  t h e r e f o r e  c o n t a i n  w i t h i n  i t  d i r e c t  e v i d e n c e  of  t h e  
d e t a i l e d  s t r u c t u r e .  

T h e  p r o j e c t i o n  P(u, w) c o n s i s t e d  e s s e n t i a l l y  of  s t r o n g  
p o s i t i v e  r e g i o n s  p a r a l l e l  t o  t h e  z d i r e c t i o n  a n d  c e n t r e d  
in  t h e  s e c t i o n s  x/a = 0 a n d  ~. B e t w e e n  t h e s e ,  a t  x/a = ~ 
a n d  ½ a n d  a l so  p a r a l l e l  t o  z w e r e  s m a l l e r  p o s i t i v e  r i dges .  
A n a l y t i c a l  m e t h o d s  of  s o l v i n g  t h i s  p r o b l e m  p r o v e d  t o  
be  i n c o n c l u s i v e ,  a n d  a s i m p l e  t r i a l - a n d - e r r o r  p r o c e d u r e  
w h i c h  w a s  a d o p t e d  w a s  m o r e  s u c c e s s f u l .  

O c t a h e d r a  m a y  s h a r e  c o r n e r s  t o  f o r m  a n  e n d l e s s  
l i n e a r  s t r i n g  (Fig .  l ( a ) )  o r  e d g e s  t o  f o r m  a z ig -zag  

s t r i n g  (Fig .  l (b)) ,  a n d  t h e  s t r u c t u r e  of  m a n y  m e t a l l i c  
o x i d e s  c o n s i s t  of  t h e s e  t w o  k i n d s  of  s i m p l e  u n i t  g r o u p e d  
t o g e t h e r  i n  v a r i o u s  w a y s .  F o r  T i N b 2 0 7  t h e  n u m e r i c a l  
v a l u e  a s in  fl is a l m o s t  i d e n t i c a l  w i t h  t h e  d i s t a n c e  c/2. 
I f  t h e  m e t a l - o x y g e n  b o n d  d i s t a n c e  is a s s u m e d  t o  b e  
2 .0  Jk, t h e n  f i ve  o c t a h e d r a l  d i a m e t e r s  a r e  e q u a l  i n  
l e n g t h  t o  t h e  c ax is ,  a n d  21- t o  t h e  h e i g h t  of  t h e  u n i t  
cell ,  a s in  ft. W i t h  t h e  a d d i t i o n a l  c r i t e r i a  p r o v i d e d  b y  
t h e  s p a c e  g r o u p ,  b y  t h e  n u m b e r s  of  a t o m s  w i t h i n  t h e  
u n i t  cell ,  a n d  w i t h  t h e  P a t t e r s o n  f u n c t i o n ,  i t  w a s  a 
m a t t e r  of  t r i a l  w i t h  t h e  u n i t s  of  F i g .  1 t o  f i n d  a n  
a r r a n g e m e n t  w h i c h  w a s  s a t i s f a c t o r y .  T h e  i d e a l  p a r a m -  
e t e r s  of  t h e  m o d e l  s e l e c t e d  b y  t h i s  m e a n s  a r e  g i v e n  
in  T a b l e  3. 

O x i d e  s t r u c t u r e s ,  h o w e v e r ,  a r e  s e l d o m ,  if  e v e r ,  i dea l  
a t  r o o m  t e m p e r a t u r e  as  t h e  m e t a l  a t o m s  c a n  i n t r o d u c e  
d i s t o r t i o n s  in  o n e  of  t w o  w a y s .  
(a) I f  t h e y  h a v e  a n  e x c e s s  of  v a l e n c y  e l e c t r o n s ,  t h e y  
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< 

(o) (b) 

Fig. 1. Octahech'a joined by corners (Fig. l(a)) and edges 
(Fig. l(b)) to form endless strings, linear and zig-zag respec- 
tively. In perspective (upper) and as seen in projection 
(lower). 

may attract one another to form short bonds 
(Marinder & Magn61i, 1957). In its ideal form 
Fig. l(b) does have such a short distance. 

(b) If the valencies are satisfied, the metals may repel 
one another if they are strongly ionized (Wadsley, 
1955). 

TiNb207 c rys ta l s  are pa le  ye l low a n d  v a l e n c y  
anomal ies  should  no t  exist .  Fo r  t he  t r i a l  s t ruc tu re  i t  
was a s sumed  t h a t  t he  me ta l s  of t he  more  closely co- 
o rd ina t ed  p o l y h e d r a  are m o v e d  0.4 A f rom the  octa- 
hedra l  centres  a n d  a w a y  f rom one ano ther .  This  would  
u n d o u b t e d l y  inf luence the  posi t ions  of some of t he  
oxygens ,  b u t  no add i t i ona l  a s sumpt ions  were m a d e  a t  
t h a t  stage.  

The  proposed s t ruc tu re  m a d e  i t  possible to  p rov ide  
special  pos i t ions  for bo th  k inds  of m e t a l  a tom.  W i t h  
Ti  occupying  si tes 1 and  2, I~b 3, 4 a n d  5, t he  dis- 
c repancy  fac tor  for the  h00 ref lexions was 37?/0. B y  
assuming  r a n d o m  occupancy ,  t he  f igure  d ropped  to  
15% and  i t  was clear, therefore ,  t h a t  the re  was l i t t le  
or no difference be tween  the  sca t t e r ing  of a n y  of the  
me ta l  a t o m  posit ions.  The  model  was t h e n  ref ined b y  

V 

\-  ~ - \~:__/ \ \ 

cA 

Fig. 2. Electron density projection onto (010) in which the 
contributions of the metals, the positions of which are 
shown as small black circles, were subtracted from the 
observed data. This shows the oxygens, drawn at intervals 
of 2 e.A -2. 

Four ie r  pro jec t ions  on (010) assuming  the  p lane  g roup  
p2, the  s u m m a t i o n s  being success ively  Fo, Fo-Fmet~as 
(Fig. 2) a n d  f ina l ly  F o - F c  un t i l  the re  was no detec t -  
able i m p r o v e m e n t .  

The e x p e r i m e n t a l  d a t a  con ta in  m a n y  n o n - s y s t e m a t i c  
absen t  ref lexions,  and  no a t t e m p t  was made  to in t ro-  
duce ind iv idua l  t h e r m a l  pa ramete r s ,  pa r t i cu l a r l y  as 
the  re l i ab i l i ty  fac tor  h a d  d ropped  f ina l ly  to 8.9%. 
The  s t ruc ture ,  a t  th i s  s tage,  m a y  be regarded  as centro-  
s y m m e t r i c  in projec t ion .  

The  r ema in ing  a m b i g u i t y  l ay  be tween  the  choice 
of the  groups  A2 or A2/m.  This  is no t  an  easy  m a t t e r  
to resolve when  two axes  are long a n d  the  o ther  short .  

I f  i t  is A2, the  a toms  are no longer  all  in pa r t i cu l a r  
p lanes  charac te r i s t i c  of A2/m,  bu t  are s l igh t ly  dis- 
p laced from them.  Four ie r  ana lys i s  of the  0kl da t a  
would  be of l i t t le  use as the  a axis  is large,  and  con- 
s iderable  over lap  would occur. 

Compar i son  be tween  Fo and  Fc for the  hl l  ref lexions  
based upon  A2/m gave  a d i s c repancy  of 15-6%. 
Several  a t t e m p t s  were m a d e  to  improve  th i s  by  t r i a l  
and  error.  The  in t roduc t ion  of y p a r a m e t e r s  for some, 

Table  2. Interatomic distances 

No. Length 

Mei-O 1 2 1.90/~ 
Met-O 2 2 1.94 
~/el-O 4 2 2.07 

O1-O 2 4 2.70 
Ox-O 4 4 2.82 
02--04 2 2.86 
02-01 2 2.79 

Me2-O 2 1 1.85/~ 
{ Me2-O 3 1 2-04 

Me2-Ola 2 2.01 
M e2-O 5 1 2.16 
Me2-O 6 1 2-08 

02--06 1 2"80 
03-0 o 1 2.86 
0~-06 2 2.59 
03-05 1 2.96 
O~-O s 2 3.00 
02-05 1 2.87 
02-03 2 3.14 
O~-O 3 2 2.36 

Mez-O 4 1 1.70 A 
Me3-O 7 1 2-14 
Mea-O s 2 2.00 
Mea-O 9 1 1.97 
Mea-O10 1 2.34 

04-09 1 2.90 
04-07 I 2.96 
04-0 s 2 2.98 
O7-O s 2 2.78 
O7-Olo 1 2.52 

No. Length 

Os-O 9 2 2-77 
Os-O10 2 2-58 
O9--O10 1 2-98 

Me4-O s 1 1.64/~ 
Me4-O 6 1 2-16 
Me4-O 9 1 1.86 
Mea-01o 2 2.08 
Me4-O n 1 2-09 

O5-011 1 2.69 
O5-Olo 2 2.88 
05-09 1 2.68 
08-09 1 2.93 
Os-O10 2 2.58 
O8-Oll 1 2-60 
O9-O10 2 3-20 

Olo-Oll 2 2-36 

Me5-O 6 1 1.71 
{ Mes-O 7 1 2-30 

Mes-O ~ 1 1-77 
M%-Olo 1 2.00 

Mea-011 2 2.00 
06-07 1 2-84 
O6-O10 1 2.89 
O6-Oll 2 2-72 
07-01 1 2-59 
O7-O10 1 2-52 
07-011 2 3-00 
O~-Ott 2 2-89 

01o-011 2 2.36 

Braces denote symmetry related pairs. 



A. D. W A D S L E Y  663 

or all, of the  meta l s  in the i r  var ious  combina t ions  
on ly  m a d e  m a t t e r s  worse, and  changes  f rom special  
posi t ions,  if i ndeed  t h e y  are requi red ,  would  be 
re s t r i c t ed  to some of the  oxygens .  This p roved  too 
fo rmidab le  a p rob lem for this  s imple  procedure ,  and  
t he  m a t t e r  is defer red  un t i l  p r o g r a m m e s  for h igh  
speed  c o m p u t i n g  by leas t -squares  are ava i lab le  in this  
count ry .  

Table  3. F r a c t i o n a l  a t o m i c  p a r a m e t e r s  f o r  TiNb207 
Space group A 2 / m  (0, 0, 0; 0, ½, ½)+ 

Ideal Refined 
Point structure parameters 

Atom position x/a z/c x/a z/c 

Me1* 2(a) 0 0 0 0 
Me~. 4(i) 0 0.200 0.004 o 0.1855 
IV/e 3 4(i) 0.400 0-125 0.365 s 0.1086 
Me 4 4(i) 0.400 0.325 0.37~ a 0.2946 
Me 5 4(i) 0.600 0.083 0.6369 0.0771 
O 1 2(c) 0 0.500 0 0.500 
O 2 4(i) 0 0.100 0.002 0.094 
O a 4(i) 0 0-300 0.003 0.285 
O 4 4(i) 0-200 0.058 0.201 0.055 
O 5 4(i) 0-200 0.258 0.213 0.248 
O 6 4(i) 0-800 0.133 0.803 0.129 
O7 4(i) 0.400 0.017 0-414 0.021 
O a 4(i) 0.600 0-375 0.577 0.378 
O 9 4(i) 0.400 0.217 0.402 0.214 
O10 4(i) 0.600 0.175 0.590 0.158 
O n 4(i) 0.400 0.417 0.379 0.399 

* The Ti and Nb atoms occupy the metal positions at ran- 
dom. The symbol Me represents (~ T i+~Nb)  as a single 
scattering unit. 

W i t h  this  r e se rva t ion  the  s t ruc tu re  is now suf- 
f ic ien t ly  es tab l i shed  to jus t i fy  descr ipt ion.  The  stan- 
d a r d  devia t ions ,  a s suming  A 2 / m  are 0.025 ~ for the  
m e t a l - o x y g e n  dis tances ,  and  _+ 0 .040/~  for o x y g e n -  
oxygen .  Observed  and  ca lcula ted  s t ruc tu re  factors  are 
g iven  in Table  1, t he  i n t e r a t o m i c  d is tances  in Table  2 
a n d  the  a tomic  pa r ame te r s  in Table  3. 

D i s c u s s i o n  

The  s t ruc tu re  of TiNbe07 is i l lus t ra ted  in :Fig. 3. 
The  two k inds  of m e t a l  a t o m  are disordered,  and  as 
( ½ T i + ~ N b )  represen ts  t he  average  popu la t i on  of 

Fig. 3. Structure of TiNb20 ~ projected on to (010). The 
smaller circles, filled and open, are the metals, and the 
larger open circles, oxygen. 

a n y  one posi t ion,  t he  compound ,  in the  s t r ic tes t  sense, 
is a b ina ry  oxide  Mo307. The  same s t ruc tu re  could 
perhaps  be expec t ed  in which  t i t a n i u m  occupies sites 
1 and  2, n iob ium the  r emainder .  This o rdered  sub- 
s tance  would  u n d o u b t e d l y  have  a un i t  cell a lmos t  
ident ica l  in size, and  could be d i s t ingu i shed  f rom the  
p resen t  one only  by  minor  var ia t ions  of i n t ens i t y  in 
the  reflexions.  A t t e m p t s  to  p repare  it  by  pro longed  
annea l ing  at  t e m p e r a t u r e s  be tween  700 and  1000 °C., 
however ,  m e t  w i th  no success. 

E a c h  me ta l  a t o m  is co -o rd ina ted  to  six oxygens  
fo rming  an  oc tahedra l  grouping.  I n  the  ideal  s t ruc tu re  
in which  no d i s to r t ions  occur (Table 1) t he  d is tances  
be tween  the  meta l s  r ange  f rom 2.79 to  4.12 A. There  
is a p r o n o u n c e d  m o v e  towards  equa l i t y  in the  real  
s t ruc tu re  (Table 4), t he  shifts  br inging  wi th  t h e m  
cons iderable  d i s to r t ion  of t he  oxygen  f ramework .  
The  o c t a h e d r o n  cen t red  upon  Me1 shares  its six 
corners wi th  a d j a c e n t  oc tahedra ,  and  is a lmos t  regular .  
The  Me2 o c t a h e d r o n  is r e l a t ed  by  s y m m e t r y  to  an 
iden t ica l  one to form a single zig-zag str ing,  and  the re  
is now a p r o n o u n c e d  d i s to r t ion  lead ing  to a ve ry  shor t  
d i s tance  O3-0~ of 2 .36/~ .*  Me3,  M e a  a n d  Me5 form 
a t r i ad  of me ta l  a toms,  and  the  associa ted oc t ahed ra  
are even  more  irregular .  Once again  t he  very  shor t  
d i s tance  of 2 .36/~  is found,  this  t i m e  be tween  010 
and  On  which  are i n d e p e n d e n t  of one ano ther .  

Table  4. D i s t a n c e s  be tween  neares t  ne ighbour  m e t a l  a t o m s  

Comparison between the ideal and the actual structures 

Nearest neighbour Distance Type* of 
Atom (number and kind) Ideal Actual neighbour 

Me 1 2 × Me  2 4.09 A 3.77 A A 
2 × Me a 4.12 3.77 A " 

Me 2 1 × Me~ 2.79 3.28 B 
1 × Me  4 4.12 3.79 A 
1 × Me  5 4-12 3.78 A 

Me a 1 x Me  4 4.09 3.77 A 
1 × Me~ 2-81 3.33 B 
1 × Me 5 4.09 3.78 A 
1 x Me~ 2.91 3.60 B 

Me 4 1 x Me 5 2.79 3.29 B 

Me 5 1 × Me" 3-01 3-20 B 

* Type A. The octahedral grouping for the neighbours 
have a corner (i.e. one oxygen atom) in common. 

Type B. The groupings have one or more edges in 
common. 

A l t h o u g h  the re  is wide  va r i a t ion  be tween  m e t a l -  
oxygen  and  o x y g e n - o x y g e n  dis tances ,  t he  average  for 
bo th  in a n y  one o c t a h e d r o n  is qui te  uni form.  The  
values  are 1.99 • for M e - O ,  a n d  2 .77 /~  for 0 - 0 ,  
and  f rom these  t he  m e t a l  and  oxygen  ' radi i '  are 
0.61 a n d  1.38 •. There  are ve ry  few d a t a  w i th  
which  to  compare  these.  Freve l  & R i n n  (1956) f o u n d  

* This pair of atoms is rglated by the symmetry elements 
present in A 2 / m  and A2. If the correct space group is A m ,  
they do not have any such relationship. Evidence for this in 
the lZ'o--2' c syntheses was not found. 



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

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 


