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NaNO~. is fe r roe lec t r ic  be low  i ts  t r a n s i t i o n  p o i n t  of 158 °C. 
( S a w a d a  et al., 1958; F r aze r ,  1958). T h e  s t r u c t u r a l  
n a t u r e  of s p o n t a n e o u s  p o l a r i z a t i o n  a n d  t h e  t r a n s i t i o n  
m e c h a n i s m  a p p e a r  to  be  q u i t e  s imple ,  a n d  h e n c e  th i s  
c ry s t a l  w o u l d  s e e m  to  be  espec ia l ly  wel l  s u i t e d  for  
t h e o r e t i c a l  t r e a t m e n t .  A n  a c c u r a t e  k n o w l e d g e  of t h e  
c r y s t a l  s t r u c t u r e  of b o t h  phases ,  i n c l u d i n g  t h e  t h e r m a l  
v i b r a t i o n  p a r a m e t e r s ,  wil l  f ac i l i t a t e  s u c h  work .  T h e  
s o l u t i o n  of t h e  f i rs t  p a r t  of t h e  s t r u c t u r a l  p r o b l e m  is 
r e p o r t e d  in  t h e  fo l lowing  s h o r t  c o m m u n i c a t i o n .  

T h e  s t r u c t u r e  of t h e  low t e m p e r a t u r e  p h a s e  of NaNO2 
was  d e t e r m i n e d  in  a n  X - r a y  ana lys i s  b y  Ziegler  (1931) 
a n d  s u b s e q u e n t l y  r e f ined  b y  T r u t e r  (1954) a n d  C a r p e n t e r  
(1952, 1955). I n d i v i d u a l  a n i s o t r o p i c  t e m p e r a t u r e  pa ra -  
m e t e r s  we re  n o t  d e t e r m i n e d  in a n y  of t h e  r e f i n e m e n t s ,  
h o w e v e r .  S ince  in  t h e  h i g h  t e m p e r a t u r e  p h a s e  (S t r i jk  & 
MacGf l l av ry ,  1943) t h e  p r o b l e m  is m a i n l y  one  of d i s t in -  
g u i s h i n g  b e t w e e n  a d i s o r d e r e d  m o d e l  a n d  t w o  m o d e l s  
i n v o l v i n g  p r o n o u n c e d  t h e r m a l  a n i s o t r o p y ,  t h e  t h e r m a l  
v i b r a t i o n  p a r a m e t e r s  in t h e  low t e m p e r a t u r e  p h a s e  a re  
of s o m e  i m p o r t a n c e .  I n  a n  X - r a y  s t u d y  t h e  a c c u r a c y  
o b t a i n a b l e  in d e t e r m i n i n g  t e m p e r a t u r e  p a r a m e t e r s  de- 
p e n d s  u p o n  t h e  v a l i d i t y  of t h e  s c a t t e r i n g  f a c t o r  cu rves  
u s e d  in r e f i n e m e n t .  D u e  to  u n c e r t a i n t y  in t h e  e lec t ron ic  
d i s t r i b u t i o n  of t h e  NOT g r o u p ,  t h e r e  is s o m e  q u e s t i o n  
as to  t h e  p r o p e r  X - r a y  s c a t t e r i n g  fac to r s  for  n i t r o g e n  a n d  
o x y g e n .  T h i s  is n o t  ser ious  for  o x y g e n  in th i s  p a r t i c u l a r  
p r o b l e m ,  b u t  t h e r e  are  a p p r e c i a b l e  d i f fe rences  in  t h e  N 
a n d  ~+3 c u r v e s  o u t  as far  as 0.4 in sin 0/A. Moreove r ,  s ince 
n i t r o g e n  is t h e  l i gh t e s t  atom,:~ i ts  c o o r d i n a t e s  a n d  t e m -  
p e r a t u r e  p a r a m e t e r s  a re  m o r e  s u b j e c t  to  e r ro r  t h a n  s o d i u m  
a n d  o x y g e n  e v e n  if t h e  p r o p e r  s c a t t e r i n g  f a c t o r  is used .  

* Work  performed under  the  auspices of the  U.S. Atomic 
Energi  Commission. 
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:~ Comparing average N +l"s and 0 -1 curves in the forward 
direction: f N = 5 . 5  and f0=9.0 .  

T h e  y c o o r d i n a t e  for  o x y g e n  was  se t  equa l  to  zero  to  
de f ine  t h e  or igin.  T h e  s c a t t e r i n g  l e n g t h s  (Shul l  & W o l l a n ,  
1956) u s e d  we re :  bNa=0"35,  b~-=0"94, a n d  bo - -0 -58  
(in u n i t s  of 10 -13 cm.) .  

A set  of (0kl) s ingle  c rys t a l  d a t a  was  co l l ec ted  a t  r o o m  
t e m p e r a t u r e .  C a r p e n t e r ' s  (1955) resu l t s  we re  t a k e n  as 
s t a r t i n g  p a r a m e t e r s  in a gene ra l  l ea s t - squa re s  r e f i n e m e n t  
u s ing  t h e  I .B .M.  704 p r o g r a m  of B u s i n g  & L e v y  (1959). 
T h e  r e f i n e m e n t  was  ca r r i ed  o u t  on  F e w i t h  t h e  w e i g h t  
f ac to r s  se t  equa l  to  (1/~(F2)) 2. T h e  s t a n d a r d  d e v i a t i o n  
in F 2 was  d e t e r m i n e d  f r o m  t h e  c o u n t i n g  s ta t i s t i cs .  T h i s  
was  on ly  a n  a p p r o x i m a t i o n  s ince e x t i n c t i o n  ef fec ts  we re  
p r e s e n t .  A t  an  i n t e r m e d i a t e  s t age  of r e f i n e m e n t  t h e  d a t a  
were  c o r r e c t e d  for  e x t i n c t i o n  b y  m e a n s  of an  I .B .M.  704 
p r o g r a m  w r i t t e n  b y  W.  C. H a m i l t o n .  O n l y  f ive s t r u c t u r e  
f ac to r s  we re  a f f e c t e d  b y  m o r e  t h a n  3% b y  t h e s e  correc-  
t ions ,  a n d  of these ,  o n l y  one  was  a f f ec t ed  b y  m o r e  t h a n  
5%.  T h e  f inal  se t  of c a l c u l a t e d  s t r u c t u r e  f ac to r s  a re  com-  
p a r e d  w i t h  t h e  o b s e r v e d  va lues  in  Tab l e  1. T h e  d isc rep-  
a n c y  f a c t o r  R = 0.027. 

T h e  p o s i t i o n a l  c o o r d i n a t e s  a n d  t he i r  s t a n d a r d  d e v i a  
t ions  o b t a i n e d  in t h e  p r e s e n t  s t u d y  are  c o m p a r e d  w i t h  

NaNO2-1ow tempera ture  modification. Final  

h k Z IFof IF~I 
0 0 2 0.82 0.76 

4 2.47 2-52 
6 2.55 2.64 
8 < 0.2 0.06 

0 1 1 1.73 1-78 
3 1-48 1.42 
5 2.48 2-48 
7 0.75 0.72 

0 2 0 3-47 3.55 
2 2.48 2.57 
4 2.19 2.19 
6 1.98 1.95 
8 1-57 1.58 

0 3 1 0.82 0.79 
3 2.59 2.68 
5 1.00 0.93 

neut ron  data.  R = 0.0269 

IAFI h k l IFol IF~I IAFI 
0-06 0 3 7 1.52 1.51 0.01 
0.05 0 4 0 0"75 0"72 0"03 
0-09 2 3.40 3.25 0-15 

- -  4 1.59 1.55 0.04 
0.05 6 0-82 0-78 0-04 
0.06 0 5 1 1.22 1-17 0.05 
0.00 3 2-18 2.17 0.01 
0.03 5 1.09 1-08 0.01 
0.08 0 6 0 1.51 1.51 0.00 
0.09 2 2.12 2-16 0.04 
0.00 4 1.22 1.18 0.04 
0.03 6 1.08 1.05 0-03 
0.01 0 7 1 1.56 1.59 0-03 
0.03 3 0.66 0.71 0.05 
0.09 0 8 0 1.83 1.84 0-01 
0.07 2 0.56 0.67 0-1] 

I t  t h e r e f o r e  s e e m e d  w o r t h w h i l e  to  e x a m i n e  th i s  s t ruc -  
t u r e  w i t h  n e u t r o n s .  N e u t r o n  s c a t t e r i n g  l e n g t h s  a re  in- 
d e p e n d e n t  of  angle ,  w h i c h  p r o v i d e s  cons ide rab l e  a d v a n -  
t a g e  in t h e  d e t e r m i n a t i o n  of t h e  t h e r m a l  v i b r a t i o n  pa r a -  
m e t e r s .  Also,  in t h e  n e u t r o n  case, n i t r o g e n  is t h e  ' h e a v i e s t '  
a t o m  in t h e  s t r u c t u r e .  

T h e  space  g r o u p  is Im2m. T h e r e  are  t w o  f o r m u l a  u n i t s  
p e r  cell. Cell d i m e n s i o n s  a re  

a = 3 . 5 6 0 _ + 0 . 0 1 0 ,  b = 5 . 5 6 3 + 0 - 0 0 5 ,  c = 5 . 3 8 4 + 0 - 0 0 5  /~ 

( f rom X - r a y  p o w d e r  p h o t o g r a p h s ) .  
T h e  a t o m i c  pos i t i ons  are  

(0, o, o; ½, ½, ½) + 2 Na in 2(a): (0, y, 0), 
2 N in 2(a) :  (0, y, 0), 
4 0  in  4(d):  (0, y , z ;  0, y ,~) .  

Tab l e  1. Structure factor comparison 
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t h o s e  of T r u t e r *  & C a r p e n t e r  in  T a b l e  2. T h e  a g r e e m e n t  
b e t w e e n  t h e  t h r e e  se ts  is q u i t e  good .  As  m i g h t  be  ex- 
p e c t e d ,  t h e  p r i n c i p a l  d i f fe rences  occu r  for  n i t r o g e n .  T h e  
s t a n d a r d  d e v i a t i o n s  for  t h e  n e u t r o n  ana lys i s  a re  cons ider -  
a b l y  lower  t h a n  t h e  X - r a y  va lues .  T h e  i m p r o v e d  a c c u r a c y  
is p e r h a p s  o v e r s t a t e d ,  h o w e v e r ,  s ince  s c a t t e r i n g  l e n g t h  
e r ro r s  we re  n o t  cons ide red .  

T a b l e  2. Comparison of atomic coordinates 

K a y  & 
Tru te r  Carpenter  Frazer  

YNa 0"5852 0"5862 0"5853 
a(yNa) 0"002 0.002 0.001 
YN 0.1217 0-1188 0.1200 
~(y~) 0.005 0.004 0.0007 
zo 0"1946 0.1944 0-1941 
a(z0) 0"003 0.002 0.0006 

T h e  d i s t a n c e s  a n d  b o n d  ang les  f o u n d  a re  as  fo l lows:  

N a - O  = 2.471 _+ 0.004, N a - N  = 2.589 _+ 0.009, 
N - O  = 1.240 _+ 0 .003A;  

<~ O - N - O  = 114.9 _+0.5 °. 

T h e  e r rors  w e r e  c a l c u l a t e d  a s s u m i n g  n o  e r ro r  in  cell 
d i m e n s i o n s ,  so t h a t  t h e y  a re  t oo  sma l l  b y  p e r h a p s  as 
m u c h  as  a f a c t o r  of two .  E v e n  so, t h e  a c c u r a c y  for  t h e  
b o n d  ang le  is s u b s t a n t i a l l y  b e t t e r  t h a n  t h a t  of T r u t e r  
(1954) a n d  C a r p e n t e r  (1955). T h e i r  s t a n d a r d  d e v i a t i o n s  
were  4 ° a n d  1.73 ° , r e spec t i ve ly .  

T a b l e  3. Root mean square displacements in ~ngstr6ms 
from anisotropic temperature factors* 

A t o m  UM a (UM) q],m (3" (Urn) d f  
Na 0-128 0.015 0-118 0.017 0 ° 
N 0"125 0.007 0.114 0-005 90 ° 
O 0"160 0"007 0.112 0.007 5"5_+3 ° 

* Subscripts  M and m refer to the  major  and minor  vibra- 
t ion axes, respectively. 

Angle between the  major  axis, and the  crystallographic 
b axis. I n  the  case of oxygen,  the  inclination is away from N, 
so as to approach being transverse to the  N-O bond. 

T h e  t h e r m a l  v i b r a t i o n  r e su l t s  a re  g i v e n  in T a b l e  3 as 
r o o t  m e a n  s q u a r e  d i s p l a c e m e n t s .  O x y g e n  is t h e  o n l y  a t o m  
t h a t  shows  a d e f i n i t e l y  m e a s u r a b l e  deg ree  of a n i s o t r o p y .  
S ince  t h e  p h a s e  t r a n s i t i o n  is m a r k e d  b y  t h e  ga in  of a 
m i r r o r  p l a n e  p e r p e n d i c u l a r  to  b, i m p l y i n g  a r o t a t i n g  or  

* Truter ' s  coordinates have been t aken  from Carpenter  
(1955), where they  appeared  as a pr ivate ly  communica ted  
improved set. 

d i s o r d e r e d  s t r u c t u r e  a b o v e  Oc, t h e r m a l  a n i s o t r o p y  a long  
m a y  b e c o m e  s ign i f i can t  for  n i t r o g e n  a n d  s o d i u m  a t  

h i g h e r  t e m p e r a t u r e s .  I n v e s t i g a t i o n  of t h e  ef fec ts  of 
t e m p e r a t u r e  on  t h e  s t r u c t u r e  are  n o w  u n d e r  w a y  in  
c o l l a b o r a t i o n  w i t h  D r  R .  U e d a  of W a s e d a  U n i v e r s i t y ,  
T o k y o ,  J a p a n .  

T h e  s p o n t a n e o u s  p o l a r i z a t i o n  c a l c u l a t e d  on  t h e  bas is  
of  s i m p l e  N a  +, N +a, a n d  O -~ ions  is 74/~ c o u l o m b s / c m  ~, 
w h i c h  is off b y  a n  o r d e r  of m a g n i t u d e  f r o m  t h e  o b s e r v e d  
v a l u e  of  7/~ c o u l o m b s / c m .  2 ( S a w a d a  et al., 1958). T h i s  
p o o r  a g r e e m e n t  is of course  a r e su l t  of t h e  h i g h l y  c o v a l e n t  
n a t u r e  of t h e  n i t r i t e  g r o u p .  I t  is of i n t e r e s t  to  see w h a t  
e f fec t ive  ionic  cha rges  n~  a n d  n o  w o u l d  h a v e  to  be  p l a c e d  
a t  t h e  N a n d  O p o s i t i o n s  in  o r d e r  to  o b t a i n  a g r e e m e n t  
w i t h  t h e  o b s e r v e d  p o l a r i z a t i o n .  T h e s e  can  be  d e t e r m i n e d  
f r o m  t h e  t w o  e q u a t i o n s  

a n d  
Ps = 1.6 x 10 -1~ x V-lz~,niYt-~ 7/z c o u l o m b s / c m .  ~, 

nN + 2 n o  = -- 1 ,  

w h e r e  V is t h e  cell v o l u m e  in cm.  3, t h e  Irj a re  t h e  a t o m i c  
c o o r d i n a t e s  in  cm. ,  a n d  27 e x t e n d s  o v e r  all a t o m s  in t h e  
cell. F o r  s o d i u m  n = + 1. T h e  c a l c u l a t i o n  y ie lds  n~  = - 0-36 
a n d  n o = - 0 . 3 2 .  W h i l e  th i s  r e su l t  is o n l y  a r o u g h  ap-  
p r o x i m a t i o n ,  i t  is of  q u a l i t a t i v e  s igni f icance .  T h e  f ac t  
t h a t  nN c o m e s  o u t  to  be  as s t r o n g l y  n e g a t i v e  as n o sug-  
ges t s  t h a t  t h e  N a  + ion  exe r t s  a s t r o n g  c o u n t e r  po l a r i z ing  
i n f luence  on  t h e  N e f f  g r o u p .  T h e  n e t  e lec t r ic  m o m e n t  for  
N O g  is st i l l  in  t h e  s a m e  d i r e c t i o n  as one  w o u l d  expec t ,  
h o w e v e r .  

T h e  a u t h o r s  w o u l d  l ike to  t h a n k  D r  W.  C. H a m i l t o n  
for  a s s i s t ance  w i t h  t h e  e x t i n c t i o n  ca l cu la t ions ,  a n d  to  
a c k n o w l e d g e  h e l p f u l  d i scuss ions  w i t h  D r  S. C. A b r a h a m s  
a n d  D r  T.  Mi tsu i .  
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