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The crystal structure of Ba2TiO 4 has been determined with moderate accuracy, using two-dimen- 
sional Fo and Fo-Fc  syntheses. The space group is P21/n and the cell dimensions are: 

a0=6-12_0"03, b0=7"70_+0"03, c0=10"50+_0"03A; fl=93 ° 8'__10'. 

There are four units of Ba2Ti04 in the cell. The structure is of the fl-K2SO4 type and is closely related 
to fl-Ca2SiO 4. The environment of the t i tanium atom is unusual; it is approximately tetrahedral and 
the structure is considered as an arrangement of discrete TiO 4 groups and Ba atoms. The relation- 
ship between Ba~TiO 4 and ferro-electric BaTiO.~ is discussed. 

1. Introduction 
Bar ium orthot i tanate ,  BaeTi04, was first examined 
crystal lographical ly  by  Rooksby (1947) who showed 
tha t  its X- ray  powder pa t te rn  resembles tha t  of 
BaeSi04, which has the fl-K~S04 type  of structure 
(O'Daniel  & Tscheischwili,  1942). Other workers 
(Rase & Roy, 1955 ; Murray,  1958 ; Jonker  & Kwestroo, 
1958) have prepared single-phase powders with com- 
position Ba2TiO4 and have confirmed the observation 
of Rooksby. 

The s imi lar i ty  between the powder pat terns  of the 
two compounds suggests tha t  t i t an ium in Ba2Ti04 
m a y  be compared with silicon in Ba2Si04 and sulphur  
in/~-K2S04 and therefore m a y  be te t rahedra l ly  coor- 
d ina ted  by  four oxygen atoms. The present  work was 
under taken  to determine the precise nature  of the 
t i t an ium coordination. 

2. Experimental 
(i) Preparation of single crystals 

Single crystals of Ba2Ti04 were grown from a mel t  
containing BaC12, BaC03 and TiOe in the ratio 5 :5 :1 .  
This mixture  was put  in a p la t inum crucible and held 
at  a tempera ture  of 1340 °C. for 20 hr. and then cooled 
rapidly.  The solidified flux was removed by solution 
in disti l led water and  the residue was quickly washed 
in alcohol. Approximate ly  equal  quanti t ies  of dark 
t an  crystals and white crystals were found and these 
were separated by hand  picking. The dark crystals 
were shown to be tetragonal  BaTi08. A powder photo- 
graph of some of the white crystals agreed closely 
with one publ ished by  Rase & Roy  (1955) for Ba2TiOa. 
A spectrographic analysis  of the white crystals showed 
bar ium and t i t an ium as maj  or consti tuents with traces 
of silicon, a lumin ium and pla t inum.  A small  quan t i ty  
of these crystals was examined by  Messrs. Johnson,  

* Present address: Imperial Chemical Industries Ltd., 
Plastics Division, Welwyn Garden City, tterts, England. 

Mat they  and Co. Ltd.,  who found the composition 
to be: 

Ba Ti O 
66-72 15.24 17.65 wt.% 

I t  was assumed tha t  this  corresponds to 93"9% 
Ba2Ti04 and 6.1% TiO2. 

(ii) Unit cell and symmetry 
A Buerger precession camera was used to determine 

the uni t  cell and s y m m e t r y  of Ba~TiO4; the cell was 
found to be monoclinic but  pseudo-orthorhombic and 
pseudo-trigonal.  The dimensions of the uni t  cell are 
given in Table 1 together with the cells of the closely 
related structures Ba2Si04 and fl-Ca2Si04 (Midgley, 
1952). A careful scrut iny of precession and oscillation 
photographs was carried out to make  quite sure tha t  
the axial  lengths are not doubled, as it is for some of 
the polymorphic  modifications of Ca2SiO4 (Douglas, 
1952). Reflexions were observed in the hOl zone only 
with (h + l) even and in the 0k0 zone only with k even, 
which are consistent wi th  the space-group P21/n. The 
choice of axes is unconvent ional  but  is convenient  for 

Table 1. Unit-cell constants of Ba2Ti04, Ba2Si04 and 
fl-Ca2SiO4 

Ba2TiO 4 
Monoclinic, P21/n 

a=6.12_+0.03, b----7.70_0.03, c=10-50_0.03 A 
a:b=0-792, b:c----0.733, fl----93 °8'_+10' 

Ba2SiO 4 
(O'Daniel & Tscheischwili, 1942) 

a----5.77, b----7.57, c=10.19 A 
a:b--0.762, b:c=0.743 

fl-Ca2SiO 4 (Midgley, 1952) 
Monoclinic, P21/n 

a----5.48_0.02, b----6.76_0.02, c=9-28_+0-02 A 
a:b=0.810, b:c=0.729, /3=94 ° 33' 

* Estimates of reasonable limits of experimental error are 
given. 
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comparison with the fl-Ca2Si04 structure.  All crystals 
examined were twinned on (100) or (001). 

The densi ty  calculated on the basis of four units of 
Bag.TiC4 per cell was found to be 5.16 g.cm. -3, which 
m a y  be compared with an observed value of 5.07 + 0.15 
g.cm.-3, obtained by the  displacement method.  

(iii) X-ray intensities 

In tens i ty  da t a  in the hkO, Okl and hO1 zones were 
collected using a Weissenberg camera and Mo K s  
radia t ion;  visual est imates of the intensities were made 
by  comparison with a s t andard  scale and corrections 
for Lorentz and polarization factors were made in the 
usual way. The crystal  was roughly cubic in shape with 
edges of about  0.1 mm. and consisted of a twin with 
two components in the rat io 2.45:1. Reflexions from 
one component  were absorbed in the other  component  
but  no correction was made  for this effect. I t  was 
found, however,  t ha t  there was an agreement  factor  
of 7?/0 between s t ructure  factors obtained independ- 
ent ly from the two components.  

3. A p p r o x i m a t e  s tructure  

Pat te r son  syntheses were prepared  for the  three axial  
projections using a sharpening function of the type  
advocated  by  Lipson & Cochran (1953). I t  was as- 
sumed t h a t  the strongest  peaks in the syntheses 
correspond to B a - B a  and  Ba -T i  vectors and a self- 
consistent set of position coordinates was obtained 
for the two independent  Ba a toms and the Ti atom. 
The coordinates are listed in Table 2 together  with the 
coordinates of corresponding atoms in fl-CagSi04. I t  is 
evident  t ha t  if the  x-axis of fl-Ca2Si04 is reversed 
then the heavier  a toms in the two structures  occupy 
similar positions. 

Table 2. Atomic co-ordinates derived from Patterson 
syntheses, compared with the atomic co-ordinates in 

fl-Ca2SiO4 

x y z 
Ba2TiO4 Bai 0.767 0.850 0'067 

BaH 0.227 0.492 0.195 
Ti 0-767 0.292 0.063 

x y z 
fl-Ca2SiO4 Cat --0.760 0.838 0.071 

C a i i  - -  0.216 0.502 0-201 
Si --0.760 0.276 0"071 

At  this stage in the analysis it  was possible to 
predict  certain features of the a r rangement  of oxygen 
a toms by  considering the coordinates in Table 2 and 
by  noting t ha t  the normal  Ti -O distance found in 
other  s t ructures  is about  2.0 A. The shortest  distance 
between two Ti a toms is about  5-5 A which means t ha t  
one oxygen a tom cannot  be in contact  with two 
t i t an ium neighbours. I t  follows tha t  the polyhedron 
of oxygen atoms surrounding one t i t an ium a tom will 
be isolated from tha t  surrounding a neighbouring 

t i t an ium atom.  Since there is only one t i t an ium a tom 
in the asymmetr ic  unit,  all polyhedra  surrounding 
t i t an ium will be identical, so t h a t  if the  T i :O  rat io  of 
1:4  is to be preserved, the  number  of oxygen a toms 
in each polyhedron cannot  exceed four. We m a y  
conclude t ha t  the t i t an ium atom in Ba2Ti04 cannot  
be octahedral ly  coordinated by  oxygen. 

4. R e f i n e m e n t  of the s tructure  

(i) Scattering curves 

The scat ter ing curves used in the ref inement  process 
were derived from the published values in the Inter- 
nationale Tabellen (1935). I t  was assumed tha t  bar ium 
is in the ionized s tate  Ba 2+ and the corresponding 
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Fig. 1. Final .F o synthesis on (100). The contours are drawn 
at intervals approximately equal to 5 e.A -2 for the heavy 
atoms and 2.5 e.A -2 for the oxygen atoms. The point P 
marks an alternative position for OIV suggested by packing 
considerations. 
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Fig. 2. Partial difference synthesis on (001) showing electron 
density due to oxygen atoms with contours drawn at 
intervals approximately equal to 2.5 e./tx -2. The point P 
marks an alternative position for Oiv suggested by packing 
considerations. 
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T a b l e  3(a).  Observed and calculated structure factors 

hkl Fo Pc Fc 
002 5 0 

004 60 - 28 - 41 

006 128 - 134 - 149 

008 220 - 244 - 255 

0,0,i0 124 l l 7  I I i  

0,0,12 < 40 29 30 

0,0,14 128 151 140 

011 <20  27 27 
012 45 46 51 
013 136 159 154 
014 111 139 145 
015 153 --201 --209 
016 37 36 37 
017 58 71 63 
018 45 --47 --52 
019 68 --73 --78 

0,1,10 50 --49 --58 
0,1,11 <38  4 3 
0,1,12 45 --32 --42 
0,1,13 113 111 110 

020 < 18 28 28 
021 93 80 84 
022 168 --203 --202 
023 133 185 192 
024 108 111 113 
025 121 132 136 
026 116 96 99 
027 <30  --21 --26 
028 45 -- 31 -- 30 
029 95 -- 103 -- 114 

0,2,10 98 102 104 
0,2,11 95 --74 --85 
0,2,12 118 -- 148 -- 148 

031 200 -- 240 -- 240 

032 90 85 88 
033 121 114 119 
034 63 51 53 

The 

hkl Fo Fc Fg 
035 55 -- 62 --51 
036 < 30 15 15 
037 180 220 231 
038 < 34 -- 18 --22 
039 < 34 l0 18 

0,3,10 53 --48 --52 
0,3,11 56 --59 -- 57 
0,3,12 < 40 -- 12 -- 17 

040 150 112 112 
041 76 --42 -- 43 
042 183 -- 179 -- 176 
043 144 --148 --151 
044 66 54 61 
045 110 -- 108 -- 110 
046 88 79 88 
047 45 33 35 
048 70 -- 61 -- 53 
049 98 90 94 

0,4,10 104 107 111 
0,4,11 83 72 77 
0,4,12 99 -- 105 -- 106 

051 55 -- 37 -- 37 
052 133 --145 --148 
053 103 85 86 
054 136 -- 133 -- 137 
055 118 -- 120 -- 118 
056 48 -- 56 -- 56 
057 100 106 108 
058 90 78 83 
059 38 --54 --53 

0,5,10 113 110 119 

060 257 250 250 
061 < 32 --10 - - 12  
062 < 33 --28 --30 
063 < 34 -- 19 --22 
064 < 34 12 8 .  
065 < 35 --2 --4 

066 73 --66 -- 72 
067 < 37 -- 12 -- 10 
068 136 -- 145 --150 
069 <41 -- 7 --2 

0,6,10 85 87 84 

071 80 66 66 
072 85 67 67 
073 106 120 117 
074 80 93 93 
075 176 -- 186 -- 193 
076 < 39 19 19 
077 < 40 -- 7 -- 14 
078 30 --47 --47 
079 46 -- 63 -- 69 

0,7,10 65 -- 73 -- 73 

080 118 109 109 
081 53 53 54 
082 108 --83 --84 
083 55 68 70 
084 55 45 43 
085 30 51 52 
086 < 42 22 19 
087 < 43 6 4 
088 88 -- 71 -- 75 
089 65 -- 61 -- 66 

091 153 -- 140 -- 139 
O92 58 34 36 
O93 58 53 54 
094 < 40 51 53 
095 < 43 - -4  -- 3 
096 < 44 2 2 
097 150 177 179 

0,10,0 < 44 18 18 
0,10,1 < 44 -- 3 -- 3 
0,10,2 125 -- 118 -- 117 
0,10,3 < 41 -- 30 -- 29 

Fg values are based on the structure which has Otv in the alternative position O~v. 
The < sign indicates an unobserved reflexion; the corresponding value of F o is the minimum observable Fo in 

of the photograph. 

c u r v e  w a s  o b t a i n e d  b y  d r a w i n g  a s m o o t h  l ine  f r o m  

t h e  c u r v e  fo r  B a  a t  s in  0/,~=0.3 t o  t h e  v a l u e  54 a t  

s in  0 / ~ - - 0 .  T h e  c u r v e  Ti  +4 w a s  u s e d  fo r  t i t a n i u m  a n d  
t h e  c u r v e  0 -2 w a s  u s e d  fo r  o x y g e n .  I n  t h e  f ina l  s t a g e s  

of  t h e  s t r u c t u r e  d e t e r m i n a t i o n ,  t e m p e r a t u r e  f a c t o r s  
of  t h e  f o r m  e x p  ( - B  s in  9 0/29) w e r e  a p p l i e d  t o  sca t -  
t e r i n g  c u r v e s  w i t h  B - - 0 . 2 5  A~, 0-40 /~2 a n d  0 .40  /~2 

fo r  b a r i u m ,  t i t a n i u m  a n d  o x y g e n  r e s p e c t i v e l y .  

(ii) The (100) and (001) projections 
R e f i n e m e n t  w a s  c a r r i e d  o u t  u s i n g  t h e  Okl a n d  hkO 

i n t e n s i t y  d a t a ;  r e f l e x i o n s  w i t h  s in  0 / ) l <  0 .4  w e r e  con-  

s i d e r e d  f i r s t  a n d  h i g h e r  a n g l e  r e f l e x i o n s  i n c l u d e d  a t  

l a t e r  s t ages .  T h e  s igns  of  t h e  Fc v a l u e s ,  o b t a i n e d  b y  
c o n s i d e r i n g  h e a v y  a t o m s  on ly ,  w e r e  a p p l i e d  t o  t h e  

o b s e r v e d  s t r u c t u r e  f a c t o r s  a n d  t h e  c o r r e s p o n d i n g  Fo 
a n d  F o - F c  s y n t h e s e s  w e r e  c a l c u l a t e d .  A f t e r  a f e w  

cyc les ,  p e a k s  c o r r e s p o n d i n g  t o  o x y g e n  a t o m s  w e r e  

d e t e c t e d  a n d  t h e i r  c o n t r i b u t i o n  w a s  i n c l u d e d  in 

s u b s e q u e n t  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s .  

tha t  region 

T h e  f ina l  Fo s y n t h e s i s  o n  (100) is s h o w n  in  F ig .  1 

w i t h  a c o n v e r g i n g  f a c t o r  e x p  [ - 1 . 8  s in  2 0/), ~] a p p l i e d  

t o  t h e  F o u r i e r  coe f f i c i en t s .  I n  t h i s  p r o j e c t i o n ,  OI  is 

wel l  r e s o l v e d ,  O n  a n d  0 i v  o v e r l a p  s l i g h t l y  w i t h  e a c h  
o t h e r  a n d  0 i v  is p a r t l y  o b s c u r e d  b y  B a i .  O n  t h e  
(001) p r o j e c t i o n ,  h o w e v e r ,  t h e  o x y g e n  a t o m s  a r e  we l l  
s e p a r a t e d  f r o m  e a c h  o t h e r  a n d  a re  s h o w n  in  t h e  p a r t i a l  

d i f f e r e n c e  s y n t h e s i s  o b t a i n e d  a f t e r  t h e  h e a v y  a t o m s  
h a d  b e e n  r e m o v e d  (Fig.  2). O n  c o m p l e t i o n  of  t h e  
r e f i n e m e n t ,  a n  R - f a c t o r  of  a p p r o x i m a t e l y  1 4 %  w a s  

o b t a i n e d  o n  e a c h  p r o j e c t i o n ;  Fo v a l u e s  w e r e  s c a l e d  

fo r  c o m p a r i s o n  w i t h  Fc  a n d  u n o b s e r v e d  r e f l e x i o n s  w e r e  
i n c l u d e d  w h e n  Fc  e x c e e d e d  t h e  m i n i m u m  o b s e r v a b l e  

level .  V a l u e s  of  Fo a n d  Fc  fo r  t h e  Okl a n  hkO r e f l e x i o n s  

a r e  g i v e n  in  T a b l e s  3(a)  a n d  3(b) r e s p e c t i v e l y .  T h e  

c o r r e s p o n d i n g  a t o m i c  c o o r d i n a t e s  a re  g i v e n  in  T a b l e  4. 
T h e  s t a n d a r d  d e v i a t i o n s  q u o t e d  in  T a b l e  4 w e r e  ob -  

t a i n e d  b y  a s s u m i n g  t h a t  t h e  s t a n d a r d  d e v i a t i o n  in  t h e  

Fo v a l u e s  is 1 5 %  of Fo ( L i p s o n  & C o c h r a n ,  1953).  
T h e  c o r r e s p o n d i n g  s t a n d a r d  d e v i a t i o n s  in  t h e  i n t e r -  

a t o m i c  d i s t a n c e s  a r e  t h e n  a p p r o x i m a t e l y  0.17 J~ fo r  
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hkl 2"0 2"c 
200 360 --416 
400 260 299 
600 198 -- 191 
800 154 129 

110 < 18 --30 --26 
210 64 -- 62 --56 
310 72 72 7I 
410 56 36 40 
510 46 --52 -- 59 
610 51 -- 46 -- 56 
710 57 51 58 
810 < 40 46 53 

020 < 18 28 28 
120 163 --164 -- 161 
220 93 -- 90 -- 87 
320 148 -- 156 -- 143 
420 <27  25 21 
520 115 -- 114 --106 
620 < 37 -- 7 -- 6 
720 92 82 85 
820 < 45 --10 - -  8 

920 < 48 -- 49 --58 

130 62 -- 46 --51 
230 <22  -- 5 --2 
330 96 83 84 
430 25 27 29 
530 137 -- 143 --134 
630 < 37 -- 11 - -  15 
730 137 134 124 
830 < 45 11 14 

T a b l e  3(b). 

2 ' '  C 

-- 428 
313 

- -  194 
121 

Observed and calculated structure factors 

hkl 2"0 2"c 2"~ 
930 122 -- 137 -- 137 

040 128 112 112 
140 147 146 145 
240 96 --79 -- 72 
340 146 -- 139 -- 134 
440 87 68 58 
540 103 98 94 
640 55 -- 44 -- 41 
740 62 -- 76 -- 77 

150 < 28 -- 13 -- 14 
250 < 29 25 21 
350 72 57 57 
450 < 32 -- 51 -- 55 
550 53 -- 53 -- 51 
650 <41 40 50 
750 <43  72 71 

060 235 250 250 
160 < 32 16 15 
260 213 --223 --227 
360 < 33 -- 7 -- 4 
460 180 178 183 
560 < 39 19 15 
660 114 - - I07 --113 
760 < 44 -- 2 -- 4 
860 52 80 76 

170 < 33 --13 -- 10 
270 < 35 --15 --15 
370 < 37 29 28 
470 < 39 39 39 
570 < 41 -- 34 -- 41 

hld 2"0 2"c 
670 < 43 -- 35 
770 < 44 14 

080 96 109 
180 78 --61 
280 103 -- 105 
380 71 54 
480 60 67 
580 63 -- 59 
680 <43  --56 

190 < 39 -- 30 
290 < 40 -- 21 
390 < 41 60 
490 < 41 21 
590 65 -- 90 
690 < 48 20 

0,10,0 <43  18 
1,10,0 <45  41 
2,10,0 <47 --11 
3,10,0 <48  --27 
4,10,0 <50  16 

1,11,0 <45  0 
2,11,0 <48  14 
3,11,0 <50  41 
4,11,0 < 52 22 

0,12,0 135 139 
1,12,0 72 --72 
2,12,0 103 -- 129 
3,12,0 52 72 
4,12,0 75 99 

The 2 ' '  c values are based on the s t ruc ture  which has OIv in the  a l ternat ive  posit ion O~v. 

--36 
23 

109 
--60 

- -  107 
49 
71 

--54 
--57 

--31 
--19 

60 
23 

- -  89 
18 

18 
42 

--9 
--28 

11 

--1 
13 

The < sign indicates an  unobserved reflexion; the corresponding value of 2'0 is the  min imum observable 2"0 in t h a t  region 
of the photograph.  

t h e  m e t a l - o x y g e n  d i s t a n c e s  a n d  0 .22  A f o r  t h e  o x y g e n -  

o x y g e n  d i s t a n c e s .  I t  is  e s t i m a t e d  t h a t  t h e  s t a n d a r d  

d e v i a t i o n  f o r  i n t e r b o n d  a n g l e s  is of  t h e  o r d e r  o f  5 °. 

T a b l e  4. Fina l  atomic co-ordinates and standard 
deviations in B a 2 T i 0 4  

x y z 

Ba i  0.765 0.841 0.076 
Bal i  0.229 0.498 0-202 
Ti 0.754 0-276 0.079 
Oi 0.693 0.008 0.430 
Oii 0.567 0-230 0.180 
OIH 0.993 0-190 0-153 
Oiv 0.650 0.145 0.970 
O~v (0.695) (0.145) (0.945) 

a(x) for Ba----0.01 
a(x) for Ti =0 .05  
a(x) for O =0-16 

These coordinates  were obta ined  by  Four ier  methods  
except  for O~v which is an a l te rna t ive  posit ion for OIv obta ined  
by  packing considerations.  

5 .  D e s c r i p t i o n  o f  t h e  s t r u c t u r e  

T h e  r e s u l t s  o f  t h e  s t r u c t u r e  a n a l y s i s  s h o w  t h a t  

R o o k s b y ' s  (1947) s u g g e s t i o n  is c o r r e c t  a n d  t h a t  

B a 2 T i 0 4  h a s  t h e  f l - K 2 S 0 4  t y p e  o f  s t r u c t u r e  a n d  t h e  

t i t a n i u m  a t o m  is s u r r o u n d e d  b y  a d i s t o r t e d  t e t r a -  

h e d r o n  of  o x y g e n  a t o m s  (F ig .  5). T h e  s t r u c t u r e  m a y  

be  r e g a r d e d  as  a s e q u e n c e  o f  T i 0 4  g r o u p s  w h i c h  
a l t e r n a t e  w i t h  t h e  B a i  a t o m s  in  t h e  y - d i r e c t i o n .  T h e s e  

s t r i n g s  of  b a r i u m  a t o m s  a n d  t e t r a h e d r a  a r e  l i n k e d  

t h r o u g h  t h e  B a n  a t o m s  w h i c h  a r e  l o c a t e d  b e t w e e n  

t h e  t e t r a h e d r a .  T h e r e  is a p s e u d o - t r i g o n a l  a r r a n g e -  

m e n t  o f  t e t r a h e d r a  a b o u t  t h e  B a i i  a t o m s .  T h e  s t r u c -  

t u r e  is n o t  s t r i c t l y  i s o m o r p h o u s  w i t h  f l -Ca~Si04  b u t  

t h e r e  is a c lose  c o r r e s p o n d e n c e  b e t w e e n  t h e  a t o m i c  

p o s i t i o n s .  T h i s  is  i l l u s t r a t e d  i n  F i g s .  3 a n d  4 w h i c h  

r e p r e s e n t  p r o j e c t i o n s  of  t h e  t w o  s t r u c t u r e s  o n  (100) 

a n d  (001) r e s p e c t i v e l y ;  c o r r e s p o n d i n g  S i 0 4  a n d  T i 0 4  

tetrahedra are outlined. 
T h e  i n t e r a t o m i e  d i s t a n c e s  a r e  l i s t e d  i n  T a b l e  5(a) .  

A l t h o u g h  t h e  s t a n d a r d  d e v i a t i o n s  i n d i c a t e  a l a r g e  

r a n g e  of  u n c e r t a i n t y  i n  a n y  o n e  d i s t a n c e ,  i t  d o e s  
a p p e a r  t h a t  t h e  T i - O  b o n d s  a r e  a b n o r m a l l y  s h o r t  

w h e n  c o m p a r e d  w i t h  1.86 /~, w h i c h  is t h e  s u m  of  t h e  

G o l d s c h m i d t  r a d i i  c o r r e c t e d  f o r  t h e  r e d u c t i o n  of  t h e  
c o o r d i n a t i o n  n u m b e r  f r o m  s ix  t o  f o u r  ( P a u l i n g ,  1940).  

T h e  T i - O  b o n d  i n  B a 2 T i O a  m u s t  t h e r e f o r e  h a v e  a 

c o n s i d e r a b l e  c o v a l e n t  c h a r a c t e r .  T h e  a n g l e s  b e t w e e n  

t h e  b o n d s ,  ( T a b l e  5(b)),  r a n g e  f r o m  94 ° t o  129 °, w h i c h  
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Fig. 3. Diagrammat ic  projections of (a) fl-Ca2SiO a and (b) 
BasTiO 4 on (100) showing the  close similarity between the  
structures.  Corresponding oxygen te t rahedra  are outlined. 
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Fig. 4. Diagrammat ic  projections of (a) fl-Ca2SiO 4 and  (b) 

Bag TiO 4 on (001) showing the close similarity between 
structures.  Corresponding oxygen te t rahedra  are outlined. 
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Fig. 5. A s tereogram showing the  approximate ly  te t rahedra l  
a r rangement  of oxygen a toms  round the  t i t an ium atom.  
The point  P marks  an al ternat ive position for OIv suggested 
by packing considerations. 

deviate from the normal tetrahedral angle of 109 ° 28'; 
a stereogram of the distorted tetrahedron is shown in 
Fig. 5. The oxygen-oxygen distances within the tetra- 
hedron lie reasonably close to the normal value of 
2.8 Jk with the exception of the short distance of 
2-38/~ between Oiz and Oiv. I t  was found that  when 

T a b l e  5(a) .  Interatomic distances in B a e T i 0 4  

No. of Neigh- 
A tom neighbours  bour Distance 

Ti* 4 Ozv 1-63 A 
OII 1.64 
Oni  1.75 
Oz 1.82 

Oz O m  2.82 
Oi 2.85 
Ozv 3.12 
On 2.87 

Oii Oiv 2.38 
Onz 2.66 

Oni  Ozv 2-79 
Ozv Ozv 2.98 
Baz 9 or 10 Ozv 2-56 

Oi 2.58 
Oiv 2.67 
Oii 2.84 
Ouz 2-90 
Oni  3.11 
O m  3.32 
On  3.43 
Onz 3.52 
Oiv 3.64 

Bai i  8 OIII 2.67 
OIH 2.81 
Oz 2.85 
Oz 2.87 
On  2.87 
OH 2.94 
Oiv 3.08 
Ozv 3.39 

S tandard  deviat ions of bond  lengths 

Meta l -oxygen 0.17/~ Oxygen-oxygen  0.22 tlx 

* The nex t  greatest  Ti -O distance is 3,59 A to OI in 
a neighbouring te t rahedron.  
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Table 5(b). Angles in the TiO4 tetrahedron 
Oi-Ti-Oiv 129 ° 
OH-Ti-Oiv 94 
Om-Ti-OH 103 
OHI-Ti-OI 104 
Oi-Ti-Oxi 112 
OiII-Ti-OIv 111 

when the revised position of Oiv is considered, Ba i i  
is in contact with seven oxygen atoms. For compar- 
ison, bar ium both in paracelsian, BaA12Si20s (Smith, 
1953) and in sanbornite,  BaeSi205 (Douglass, 1958) has 
nine oxygen neighbours, seven of which are in contact 
with the central bar ium atom. 

Oiv was shifted from position (0.650, 0.145, 0.970) to 
(0.695, 0-145, 0.945), shown as position P in Figs. 1, 
2 and  5, then  O g - O i v  became 2.71 A and other dis- 
tances involving Oiv moved closer to normal  values 
(Table 6(a)); the mean  deviat ion from the te t rahedral  

Table 6(a). Changes in interatomic distances by altering 
position of Oiv from 

(0-650, 0"145, 0"970) to (0"695, 0"145, 0"945) 

Distances obtained Distances obtained 
from Fourier maps with new parameters 

Bai-Oiv 2.56 /k 2-81 A 
Bai-Oiv 2.67 2.74 
Bai-Oiv 3.64 3.33 
Baii-Oiv 3.08 2.80 
BaH-OIv 3.39 3.20 
Ti-Oiv 1-63 1.75 
Oi-Oiv 3.12 3.15 
OH-OIv 2.38 2.71 
OH-OIv 3-51 3.52 
OH-OIv > 4.00 3.81 
OnI-OIv 2.79 2.79 
Oiv-Oiv 2.98 3.51 

Table 6(b). Changes in angles in Ti04 tetrahedron 
Angles obtained Angles obtained 

from Fourier maps with new parameters 

OI-Ti-OIv 129 ° 124 ° 

Oni-Ti-Oiv 111 106 

angle changed from 8.5 ° to 6.0 ° (Table 6(b)). There is 
no evidence for such an atomic shift on the (100) 
projection while on the (001) projection, (Fig. 2), the 
two al ternat ive positions for 0~v are equal ly  accept- 
able. Similarly,  the corresponding sets of structure 
factors F ,  and F~ in Tables 3(a) and 3(b) have R- 
factors which are not significantly different. I t  is 
evident  tha t  the est imated s tandard  deviations of 
interatomic distances involving Oiv do not allow for 
inaccuracies resulting from serious overlap in projec- 
tion. 

The Ba-O distances m a y  be arbi t rar i ly  divided into 
two classes" oxygen atoms at distances less than  2.95 
are classed as nearest  neighbours in contact with 
bar ium, and oxygen atoms at distances between 
2-95 A and 3.55 A are classed as second-nearest neigh- 
bours. In  making  this division, it was noted tha t  the 
sum of the Goldschmidt  radii  of Ba and O atoms is 
2-75 A and the average Ba-O distance in BaTi08 
is 2.84/~. In  Ba~TiOa, Bai  is coordinated by  ten 
oxygen atoms, five of which are nearest  neighbours. 
The second barium, BaH, is coordinated by eight 
oxygen atoms and is in contact with six of them;  

6. D i s c u s s i o n  

An impor tan t  feature of the structure is tha t  the 
atoms are loosely packed;  in fact there is room for 
eight more oxygen atoms in the uni t  cell. In  contrast  
to this, phases at the oxygen-rich end of the BaO-TiO2 
systems have structures derived from the close packing 
of oxygen atoms and the sl ightly larger bar ium atoms 
(Harrison, 1956a, 1956b); only octahedral  intersticies 
between oxygen atoms are then available for the 
t i t an ium atoms. Ferroelectric BaTi08, however, has 
a distorted perovskite structure and is not perfectly 
close packed. Megaw (1957) has suggested that ,  even 
in this structure, the Ti atom shows some evidence 
of covalent bonding;  the O-Ti -O angles in the oxygen 
octahedron differ from 180 ° and there is a short Ti-O 
distance of 1.87/~ (Frazer, Danner  & Pepinsky,  1955). 

I t  is evident  tha t  for Ba2Ti04 and BaTiO3 the ratio 
of the number  of oxygen atoms to bar ium atoms is 
not sufficient to allow a close packed framework, the 
effect being much  more impor tan t  in Ba2Ti04 than  
in BaTi03. In  Ba2Ti04, £he Ti-O bond becomes the 
predominant  factor which produces a te t rahedral  
envi ronment  around t i tanium,  and the result  is a 
loosely packed structure of bar ium atoms and TiOa 
groups. 

The atomic arrangement  in Sr~Ti04 provides an 
example  of the type  of structure Ba~Ti04 might  have 
if the bar ium atoms were sl ightly smaller. The radii  
of the s t ront ium and  oxygen atoms are near ly  equal, 
with the result  tha t  Sr2Ti04 has a K2NiFa type  
structure (Ruddlesden & Popper, 1957), an arrange- 
ment  of atoms derived from a cubic close-packed 
ar ray  of s t ront ium and oxygen atoms. The structure 
is closely related to SrTiOa and the t i t an ium atom is 
octahedral ly  coordinated. At very low temperatures ,  
however, the close-packing factor ceases to be over- 
whelming and some distortion is allowed; evidence 
for this is provided by the presence of an induced 
ferroelectric effect in SrTiO8 at 4 °K.  (Granicher, 
1956). 

7. Thermal behaviour of Ba2TiO4 
Since the crystallographic features of Ba2TiOa and 
fl-Ca2SiOa are similar,  it  is natura l  to expect t ha t  
BaeTi04 m a y  show polymorphic modifications s imilar  
to those observed in Ca2SiOa (Bredig, 1950). Some 
support for this suggestion comes from the work of 
Todd & Lorenson (1952). They showed that ,  as the 
temperature  is increased, the heat  capaci ty of Ba2TiOa 
approaches a peak in the region of room tempera ture  
while the heat  capacity of Sr~Ti04 shows no unusual  
type  of var ia t ion with temperature.  This could mean  
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t h a t  Ba2Ti04 undergoes a t  least one phase change 
above room tempera ture .  

Midgley (1952) has suggested t h a t  the  s t ructures  of 
the  h igh- tempera ture  modifications of CagSiOa m a y  be 
derived from the fl-phase by  ro ta t ing  the  SiO4 te t ra-  
hedra.  This m a y  not  happen  with Ba2Ti04 for it is 
not  possible to predict  the  effect of a t empera tu re  
change on the Ti -O bond. If  it  ceases to be stronger 
t han  the other  bonds then it is more likely t h a t  there 
will be a reconstruct ive change to a more close packed 
a r rangement  such as the Sr2Ti04 s tructure.  
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on the  I .B.M. 650 computer  a t  the Univers i ty  of 
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Depa r tmen t  of Mines and Technical Surveys,  O t t awa  
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Barbituric acid dihydrate, C4H4N203. 2 H20, forms crystals which have a hydrogen-bonded layer 
structure in which the barbituric acid and water molecules lie on the mirror planes of the space group 
Pnma. The barbituric acid is in the tri-keto form and, within the accuracy of the analysis, has mm 
symmetry.  The water molecules are hydrogen-bonded in pairs and their hydrogen-bond coordina- 
tion is unusual in that  it is planar and approximately trigonal. The structure analysis was refined 
by isotropic and anisotropic least squares methods. 

I n t r o d u c t i o n  

Barbi tur ic  acid, C4H4N203, is the paren t  compound for 
a wide var ie ty  of derivat ives famous for their  drug 
action. A recent compilation (Blicke & Cox, 1959) 
listed several hundred  such compounds,  under  the  
general classification as 'barbi tura tes ' ,  which had  been 
synthesized and examined with respect to their  phar-  
macological act ivi ty.  

* present address, The British Cotton Industry Research 
Association. 

The s t ructura l  interest  in the molecule of barbi tur ic  
acid itself, I,  lies in its behaviour  as a carboxylic acid 
comparable  in s t rength with formic and  benzoic acids. 
This acidity (Ka= 1.0 × l0 -4) is apparen t ly  associated 
with the par t icular  combinat ion of the  active meth- 
ylene group of the malonyl  system with the potent ial  
imino carboxylic configuration of urea,  since com- 
parable  acidi ty is not  shown either by the malonyl  
esters or urea  derivat ives separate ly  or by  related 
cyclic compounds such as isobarbituric acid, I I ,  
( K a : 2 " 5  x 10-9), alloxan, I I I ,  (Ka=2"3 x 10-7), and 
diketopiperazine,  IV. 


