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T a b l e  1. Partial X-ray  powder diffraction patterns 

U(P03) 4 Pu(POs)4 

hZcl d c  (A) do (A) ~ dc (A) do (h) ~ I / I z t  

011 6.256 6.25 6.24 6-25 75 
120 5.735 5-71 5.72 5-71 55 
111 5-127 5.12 5.11 5.11 65 
200 4-474 4-46 4-46 4.44 20 
121 4-408 4-39 4.40 4.37 15 
031 4.036 4.02 4.02 4.01 100 
220 3.839 3.83 3.83 3.81 25 
201 3 - 7 5 2 }  3 . 7 4 }  3-73 25 
040 3-735 3-74 3-72 

131 3 . 6 8 0 }  3-64 3"67 / 3.64 65 
211 3.640 3-63 
002 3.445 3.44 3.44 3.42 5 
221 3-354 3.35 3.34 3.33 < 5 
022 3-128 3.12 3-12 3-10 10 
231 2.997 2.99 2.99 2.98 35 
122 2.953 2-95 2.94 2.94 60 
240 2-867 2.855 2.859 2-847 50 
320 2.771 2-766 2.764 2-759 25 
202 2"730 2-725 2.723 2.712 25 

212 2.685 2.678 
151 2-621 2.609 2.613 2.603 30 
321 2 - 5 7 1 }  2.562 2"564 / 2.560 5 
222 2-564 2-557 
042 2.532 2.525 2.524 2-518 35 
060 2-490 2.478 2.482 2.474 5 
142 2.437 2-430 2.429 2.423 10 
331 2-399 ] 2-393 } 
160 2-399 2"390 2.391 2.382 20 
232 2-394 2.387 
251 2 - 3 3 8 }  2.328 2.331 } 2.320 15 
340 2.331 2.325 
013 2-270 2-268 2-263 2-260 15 

312 2.230 2.224 
341 2-208 I 2.202 } 
242 2-204 2.200 2.198 2.192 60 
113 2.200 2-194 
322 2-159 2-156 2.153 2.149 25 

* Philips 114"6 ram. diameter  powder  camera, St raumanis  
film moun t ing ;  sample contained in 0.2 ram. diameter  glass 
capillary with walls 0.01 mm.  thick. 

Relat ive peak intensities above background from den- 
s i tometer  measurements  of powder photograph  of the  u ran ium 
salt;  values for the  p lu ton ium salt are not  significantly dif- 
ferent. Copper radiat ion with nickel filter; Eas tman  Kodak  
Type  A film for which densi ty  was calibrated as a funct ion of 
exposure t ime. 

Tab l e  2. Absorption spectrum of U(PO3) 4 

Band  max ima  in mfllimicrons, relative intensities (VS, S, MS,  
-M, -MW, W, VW) and relative band  widths  (vw, w, m, n) as 

viewed with Zeiss prism microspect rometer  ocular 
Parallel 

to X 
680 M W  n 
669 S n 
666 S n 
660 -M n 
655 S m 
650 M n 
639 W n 
632 M W  n 
598 W m 
589 M W  m 
544 -MS w 
537 -MS w 
484 W w 
470 M W  w 

Parallel  
to Y 

670 S n 
662 VS m 
649 S m 
638 M W w 
593 ~//W w 
581 M n 
537 M S  vw 
493 V W vw 
475 -M vw 

Parallel 
to Z 

670-660 VS vw 
635-625 M vw 
620-610 -M vw 

585 M W  n 
544 M vw 
480 M W  vw 
442 W m 
439 M S  vw 

T a b l e  3. Absorption spectrum of P u ( P O a h  
Band  max ima  in mfllimicrons and relative intensities 
(VS, S, -MS, M, MW,  W, VW) as viewed with Zeiss 

prism microspectrometer  ocular 
Parallel Parallel 

to Z to X and  Y 

"665 S" wide r665 S" 
635 VS 635 VS 
572 M W  572 ~ / W  
559 W 
552 W 

518 .MW 
509 W 
497 -MS 

483 M 

522 W 
516 M W  
509 M 

487 M 

473 VW 
454 M wide 463 W 
448 M W wide 448 M S  

R e f e r e n c e s  

In  
bulk  

665 VS 
656 M S  
648 S 
637 M W  
618 W 
599 V W  
587 VW 
542 M 
477 M W  
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T h e  d i s c o v e r y  of f e r roe lec t r i c i ty  in  s o d i u m  n i t r i t e  ( S a w a d a  e x a m i n e d  a t  r o o m  t e m p e r a t u r e  b y  severa l  i n v e s t i g a t o r s  
et al., 1958) ha s  p r o m p t e d  r e n e w e d  i n t e r e s t  in  t h e  s t rue-  (Ziegler,  1931; T r u t e r ,  1954; C a r p e n t e r ,  1952, 1955; 
r u r a l  de ta i l s  of th i s  c o m p o u n d .  T h e  s t r u c t u r e  has  b e e n  K a y  & Fraze r ,  1961), a n d  is a c c u r a t e l y  k n o w n .  T h e  

t r a n s f o r m a t i o n  a t  a b o u t  160 °C., t h e  fe r roe lec t r ie  Cur ie  
* Work  performed in par t  under  the auspices of the  U.S. p o i n t ,  was  f o u n d  o r ig ina l ly  in a n  X - r a y  s t u d y  b y  S t r i j k  

Atomic Energy  Commission. & MacGi l l av ry  (1943, 1946). T h e y  a t t e m p t e d  a c o m p l e t e  
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s t r u c t u r e  ana lys i s  a t  205 °C. a n d  f o u n d  a d i s o r d e r e d  
c e n t r o s y m m e t r i c  s t r u c t u r e ,  b u t  w e r e  u n a b l e  to  d e t e r m i n e  
t h e  n a t u r e  of t h e  d i so rde r .  T h e  c ry s t a l  ga ins  a c e n t e r  of 
s y m m e t r y  b y  a d d i n g  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 ,  
a n d  t h u s  goes  f r o m  t h e  a c e n t r i c  low t e m p e r a t u r e  space  
g r o u p  Im2m t o  Immm. S h i b u y a  (1961) ha s  s t u d i e d  t h e  
t e m p e r a t u r e  d e p e n d e n c e  of severa l  B r a g g  re f l ec t ions  a n d  
cr i t ica l  s c a t t e r i n g  w i t h  X - r a y s  f r o m  r o o m  t e m p e r a t u r e  
u p  t h r o u g h  t h e  Cur ie  p o i n t .  H e  r e p o r t s  e v i d e n c e  for  
i n c o m p l e t e  l ong  r a n g e  o r d e r  b e t w e e n  120 a n d  160 °C. 
a n d  a fa i r ly  s h a r p  o r d e r - d i s o r d e r  t r a n s i t i o n  a t  160 °C. 
T a n i s a k i  (1961)  ha s  m a d e  s o m e  i n t e r e s t i n g  X - r a y  
m e a s u r e m e n t s  j u s t  a b o v e  t h e  Cur ie  p o i n t  w h i c h  he  in te r -  
p r e t s  as i n d i c a t i n g  a s t r u c t u r e  b u i l t  u p  of o p p o s i t e l y  
po l a r i z ed  ' m i c r o d o m a i n s '  of a b o u t  4a l a t t i c e  spac ings  in  
w i d t h .  I t  is of i n t e r e s t  t h a t  H o s h i n o  & S h i b u y a  (1961) 
h a v e  m a d e  p rec i s ion  m e a s u r e m e n t s  of t h e  t e m p e r a t u r e  
d e p e n d e n c e  of t h e  l a t t i c e  c o n s t a n t s ,  a n d  f i nd  a n o m a l i e s  
a t  163 a n d  178 °C. As  H o s h i n o  & S h i b u y a  sugges t ,  
b e t w e e n  t h e  Cur ie  p o i n t  a n d  178 °C. t h e  c ry s t a l  m a y  be  
a spec ia l  k i n d  of i m p e r f e c t l y  o r d e r e d  an t i f e r roe lec t r i c ,  
p e r h a p s  a n  a n t i p h a s e  an t i f e r roe lec t r i c ,  w i t h  t r u e  d i s o r d e r  
s e t t i n g  in  o n l y  a b o v e  178 °C. 

I n  t h e  p r e s e n t  s t u d y  we  are  c o n c e r n e d  o n l y  w i t h  t h e  
d i s o r d e r e d  s t r u c t u r e .  N e u t r o n  d i f f r a c t i o n  d a t a  w e r e  
co l l ec t ed  a t  185 °C. for  37 n o n - e q u i v a l e n t  (0kl) re f lec t ions .  
I n  a l m o s t  e v e r y  case  m e a s u r e m e n t s  w e r e  m a d e  a t  e ach  
e q u i v a l e n t  pos i t i on .  T h e  c ry s t a l  u s e d  was  g r o w n  f r o m  
w a t e r  s o l u t i o n  a t  a b o u t  5 °C., a n d  was  c u t  to  a n  a axis  
c y l i n d e r  s l igh t ly  less t h a n  2 r a m .  in  d i a m e t e r  a n d  5 m m .  
in l e n g t h .  M e a s u r e m e n t s  in  t h e  h e a t e r  i n d i c a t e d  t h a t  t h e  
t e m p e r a t u r e  ove r  t h e  l e n g t h  of t h e  c ry s t a l  v a r i e d  n o  
m o r e  t h a n  t h e  r a n g e  of c o n t r o l  r e g u l a t i o n  (_+ 1°). 

T a b l e  1. Parameters at 185 °C. compared with Strijk & 
MacGillavry's results at 205 °C.* 

Stri jk & 
MacGillavry Kay,  Frazer & Ueda  

• Y 0'547 0.5401 + 0.0019 
Na fl~9. - -  0.021 +_ 0.006 

flaa - -  0.028 +_ 0.003 

Y 0.090 0.0725 + 0.0008 
N fl22 - -  0-021 + 0.001 

fl3a - -  0"026 _+ 0-001 

Y -- 0"047 -- 0.0416 _+ 0"0017 
Z 0"208 0.1920 _+ 0"0007 

0 fl22 - -  0.040 + 0.006 
fl3a - -  0.025 _+ 0"001 
flea - -  0.015 _ 0.004 

Posit ions in Immm: ½ Na in 4g, ½ N in 4g, and ½0 in 8l. 

P r e l i m i n a r y  ca lcu la t ions ,  b a s e d  on  t h e  c o o r d i n a t e s  of 
S t r i j k  & M a c G i l l a v r y ,  we re  su f f i c i en t  to  ru l e  o u t  m o d e l s  
i n v o l v i n g  ful l  r o t a t i o n  a n d  a n o m a l o u s l y  la rge  t h e r m a l  
o sc i l l a t i ons  pa ra l l e l  to  b .  R e f i n e m e n t s  w e r e  a c c o r d i n g l y  
m a d e  o n  h i n d e r e d  r o t a t o r  a n d  p o s i t i o n a l  d i s o r d e r  m o d e l s .  
I n  t h e  f ina l  s t ages  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  
u s i n g  H a m i l t o n ' s  (1960) I B M  704 p r o g r a m .  O n l y  one  
re f lec t ion ,  t h e  (0p2,0), w a s  s ign i f i can t ly  a f f ec ted .  T h e  
p o s i t i o n a l l y  d i s o r d e r e d  a n d  h i n d e r e d  r o t a t o r  m o d e l s  w e r e  
r e f i ned  on  F u s i n g  t h e  l e a s t - squa re s  I B M  704 p r o g r a m s  
of  H a m i l t o n  (1958) a n d  B u s i n g  & L e v y  (1959), respec-  
t i ve ly .  T h e  s t r u c t u r e  f a c t o r  s t a n d a r d  d e v i a t i o n s  u s e d  in 
, c o m p u t i n g  w e i g h t s  (W=(a(F))  -2) w e r e  a s s u m e d  to  be  

g i v e n  b y  t h e  c o u n t i n g  s t a t i s t i c s .  E x a m i n a t i o n  of t h e  
co r r e l a t i on  m a t r i c e s  r e v e a l e d  n o  ser ious  p r o b l e m s  w i t h  
p a r a m e t e r  i n t e r a c t i o n s .  T h e  l a rges t  coef f ic ien t ,  0.71, 
o c c u r r e d  as e x p e c t e d  for  t h e  y a n d  fl22 o x y g e n  p a r a m e t e r s .  
T h e  f inal  p a r a m e t e r  r e su l t s  for  t h e  p o s i t i o n a l l y  d i s o r d e r e d  
m o d e l  a re  g i v e n  in  T a b l e  1 w i t h  t h e  r e su l t s  of S t r i j k  & 
M a c G i l l a v r y  l i s ted  for  c o m p a r i s o n .  C a l c u l a t e d  a n d  ob- 
s e r v e d  s t r u c t u r e  f a c to r s  a re  c o m p a r e d  in T a b l e  2. T h e  
d i s c r e p a n c y  f a c t o r  R = 0 . 0 7 7 ;  t h e  w e i g h t e d  R is 0.058. 

T a b l e  

NaNO 2 neu t ron  

h k l  
0 0 2  

4 
6 

8 

0 1 1  
3 

5 
7 
9 

0 2 0  
2 
4 
6 

8 

0 3 1  
3 
5 
7 

0 4 0  
2 
4 
6 

8 
0 5 1  

3 

5 
7 

O 6 0  
2 
4 
6 

0 7 1  
3 

5 
0 
2 
1 

0 8  

0 9  

2. Structure factor comparison 
data  at  185 °C. Posit ional disorder 

R - 0 . 0 7 7  

Fc iFo: 
0"76 0.78 
1-86 1.84 
1.53 1.56 
0.02 < 0"06 
1-71 1.69 

- 0 . 7 2  0.73 
1"65 1"60 

- 0.07 0.23 
0.10 <0.08 
3"33 3"25 
0.27 0.26 
1 " 2 6  1 " 2 8  

0.97 0.89 
-- 0.04 < 0.07 

0.25 0.19 
--0.84 0-86 

0.59 0.72 
--0.30 0.28 

0.54 0.57 
0-55 0.45 
0-17 0.11 

--0.01 0.16 
--0.13 0.25 
--0-81 0.74 
--0"76 0.74 
- -  0.28 0.34 
--0.38 0.36 
--0.79 : 0.80 
--0.77 0.78 
- -  0"39 0.47 
--0.41 0"32 
-- 0.66 0.72 
- -  0"39 O.34 
--0"35 0.28 
- -  0.59 0.54 
- -  0.42 0.34 
--0-14 0.08 

a(Fo) 
0.01 
0.02 
0.02 

0.02 
0.01 
0-02 
O.05 

0.70* 
0.02 
0.02 
0.01 

0.01 
0.02 
0.01 
0.04 
0"13 
0"03 
0.03 
0.07 
0"06 
0.01 
0.02 
0.02 
0.03 
0.02 
0.01 
0.02 
0"03 
0"02 
0"04 
0.04 
0.06 
0.07 
0.03 

* Ext inc t ion  correction large for 

model.  

this reflection. 

I n  t h e  h i n d e r e d  r o t a t o r  c a l cu l a t i ons  o n l y  t h e  n i t r i t e  
g r o u p s  w e r e  t r e a t e d  as r o t a t i n g .  S o d i u m  was  c o n s i d e r e d  
as p o s i t i o n a l l y  d i s o r d e r e d .  T h e  h i n d e r e d  r o t a t o r  s c a t t e r i n g  
f ac to r s  w e r e  o b t a i n e d  b y  u s i n g  t h e  M f u n c t i o n  of K i n g  
& L i p s c o m b  (1950) a n d  t h e  t ab l e s  of Chess in  & W h i t m o r e  
(1960). T h e s e  w e r e  i n s e r t e d  i n to  t h e  B u s i n g  & L e v y  
p r o g r a m  as one  w o u l d  do  in a n  X - r a y  r e f i n e m e n t .  T h e  
p a r a m e t e r s  a a n d  b ( ca l cu l a t ed  f r o m  t h e  y c o o r d i n a t e s  
a n d  t h e  h e i g h t s  of  t h e  b a r r i e r  a b o v e  t h e  p o t e n t i a l  
m i n i m u m )  t h a t  d e t e r m i n e  t h e  s c a t t e r i n g  f ac to r s  cou ld  
n o t  be  r e f i ned  d i r e c t l y  b y  t h e  p r o g r a m ,  so t h a t  r e f i n e m e n t  
was  ca r r i ed  o u t  on ly  on  y~a, zo, a n d  t h e  a n i s o t r o p i e  
t e m p e r a t u r e  p a r a m e t e r s .  F o u r i e r  d i f f e rence  m a p s  w e r e  
c o m p u t e d  a f t e r  each  se t  of l ea s t - squa re s  r e f i n e m e n t s  as  
gu ides  for  choos ing  n e w  t r i a l  a a n d  b va lues .  T h e  f ina l  

A C 15 - -  3 3  
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resul ts ,  o b t a i n e d  w i t h  b = 5 ,  gave  an  R of 0.085 a n d  a 
w e i g h t e d  R of 0-075. I t  is p robab le  t h a t  a h igher  h i n d e r i n g  
po t en t i a l  w o u l d  h a v e  y i e lded  a s l ight ly  b e t t e r  mode l ,  
b u t  even  a t  5 = 5  t h e  d i s t inc t ion  b e t w e e n  pos i t iona l  
d i sorder  ( b = ~ )  and  h i n d e r e d  r o t a t i o n  is n o t  v e r y  
mean ingfu l .  T h e  M func t ion  differs v e r y  l i t t le  for  va lues  
of b b e t w e e n  5 a n d  ~ .  H e n c e ,  i t  seems sensible  to  r ega rd  
t h e  s t r u c t u r e  a t  185 °C. as pos i t iona l ly  d i sordered ,  
a l t h o u g h  we  k n o w  f rom the  field revers ib i l i ty  be low the  
Curie po in t ,  a n d  the  d i sorder  a b o v e  it ,  t h a t  t he  or ien ta -  
t i on  of t he  n i t r i t e  ion can  change  w i t h o u t  too  m u c h  
di f f icul ty .  

Tab le  3. Bond angles and interatomic distances 
at 20 and  185 °C.* 

20 °C. 185 °C. 
<~ O-N-O 114-9 -+ 0.5 ° 116-5 -+ 0.9 ° 

N-O 1.240 -+ 0.003/k 1.223 -+ 0.007 A 
Na-O (1) 2.471 -+0.004 2-523-+0.006 

(2) 2.533 +_. 0.004 2-597 _ 0.006 
(3)t ~ 2.480-+0.006 
(4)~ - -  3.020 ± 0.006 

Na-N (1) 2.589-+0-009 2.662-+0.012 
(2)~ - -  2.205 -+ 0.012 

* The 20 °C. results are from K a y  & Frazer (1961). Those 
for 185 °C. were calculated using the cell dimensions of Ueda 
(1961): a----3-681, b=5.692, c=5.395 A. Correlation effects 
were considered in calculating s tandard errors, but  cell dimen- 
sion errors were not. 

These distances can occur only in the disordered structure. 

shou ld  change  v e r y  l i t t le .  T h e  di f ferences  obse rved  a r e  
p r o b a b l y  due  to  a p p a r e n t  shifts  in t h e  N a n d  O posi t ions  
because  of t h e r m a l  l ibra t ions  of t h e  NO2 group .  Cruick-  
s h a n k  (1961) has  shown  h o w  t h e  a p p a r e n t  pos i t ion  of 
an  a t o m  in a l i b ra t ing  molecu le  can  be  sh i f ted  t o w a r d  
the  c e n t e r  of ro ta t ion .  W h i l e  we  h a v e  ev idence  for  
apprec iab le  NO2 l ib ra t ion  in t h e  bc plane ,  u n f o r t u n a t e l y  
we  c a n n o t  ca lcu la te  t h e  cor rec t ions  s ince we  h a v e  n o  
i n fo rma t ion  on l ib ra t ion  ou t  of t h e  p lane .  I t  is fa i r ly  
obvious ,  howeve r ,  t h a t  t h e  cor rec t ions  w o u l d  increase  
t h e  N - O  d i s t ance  a n d  decrease  t h e  b o n d  angle ,  as t h e y  
shou ld  for  b e t t e r  a g r e e m e n t  w i th  t he  20 °C. s t ruc tu re .  

A m o n g  the  add i t i ona l  i n t e r a t o m i c  d i s t ances  w h i c h  
become  possible in t he  d i so rde red  s t ruc tu re ,  t h e  shor t  
N a - N  (2) d i s t ance  appea r s  to  be  m o s t  s ignif icant .  Since 
t he  longer  N a N  (1) d i s tance ,  w h i c h  is c o m p a r a b l e  w i t h  
t he  20 °C. va lue ,  shou ld  be  p re fe r red ,  th is  w o u l d  seem to  
i m p l y  t h a t  t h e r e  is a good  deal  of shor t  r ange  o rde r  in 
chains  a long  the  b d i rec t ion .  This  p r o b a b l y  b r eaks  d o w n  
a t  h ighe r  t e m p e r a t u r e s  w i th  t he  onse t  of h i n d e r e d  or  
free ro ta t ion .  C a n u t  & Amor6s  (1960) h a v e  obse rved  
some  changes  in X - r a y  diffuse sca t t e r ing  n e a r  200 °C. 
wh ich  m a y  be  due  to  t h e  d e v e l o p m e n t  of NO 2 ro t a t ion .  
Cell d imens ion  curves  m e a s u r e d  b y  U e d a  (1961) w i t h  
X- rays ,  a n d  those  of t t o s h i n o  & Sh ibuya ,  seem to  show 
smal l  changes  in slope n e a r  200 °C. w h i c h  also m i g h t  
ind ica te  some sor t  of s t r u c t u r a l  change .  I f  th is  is t h e  
case, t he  compar i son  m a d e  in Tab le  1 b e t w e e n  t h e  p r e s e n t  
185 °C. resul ts  a n d  those  of S t r i jk  & MacGi l l av ry  a t  
205 °C. m u s t  be cons idered  accord ing ly .  

Tab le  4. Root-mean-square displacements at 20 and 185 °C. 
from anisotropic temperature parameters* 

Na 
20 °C. 185 °C. 

UM 0.128-+0.015 A 0.20-+0.01 /~ 
Um 0"118-+ 0.017 A 0.19_+0.03 A 

0 o 90 ° 

UM 0-160-+0.007 A 0.20-+0.02/~ 
Um 0"112-+0"007 A 0"19_+0"05 A 

90 ° 90 ° 

0 UM 0-160--+0.007/~ 0.27-+0.02 A 
Um 0.112--+0.007 A 0"18_+0"02 A 

5 .5+3  ° 19.5-+9 ° 

* The 20 °C. results are from Kay  & Frazer (1961). The 
subscripts M and m refer to the major  and minor vibration 
axes, respectively. 

is the angle between the major  axis and the b axis. 
In  both oxygen cases, the inclinations are such as to make 
maximum angles with the N-O bond. 

The  i n t e r a t o m i e  d is tances ,  b o n d  angles ,  a n d  r .m.s .  
d i sp l acemen t s  ca l cu la t ed  for  t he  pos i t iona l ly  d i so rde red  
m o d e l  are  l is ted a n d  c o m p a r e d  w i th  t he  r o o m  t e m p e r a t u r e  
s t r u c t u r e  in Tables  3 and  4. I n  v iew of t he  low m e l t i n g  
po in t  t he  large increases  in t he  r .m.s ,  d i sp l acemen t s  are  
n o t  surpr is ing.  Since t he re  a re  apprec iab le  di f ferences  
in t he  cell d imens ions  a t  t he  two  t e m p e r a t u r e s ,  one  
w o u l d  also expec t  to  f ind  s igni f icant  changes  in t he  N a - O  
a n d  N a N  dis tances ,  b u t  t he  g e o m e t r y  of t he  N e e  g roup  
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