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T h e  Crystal  Structure  of Phase  C in the Ternary  S y s t e m  
Cer ium-  P lu ton ium-Cobal t*  
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Phase C in the ternary cerium-plutonium-cobalt system has the approximate formula (Pu, Ce)sCo a. 
The phase is tetragonal, space group I4/mcm, with a = 10.730 and c = 5.383 A and is isostructural 
with WsSi3. A structure is proposed having vacancies, substitutional disorder and positional dis- 
order. 

Introduction 

Molten cerium-plutonium-cobalt alloys are of poten- 
tial use as fuel elements in nuclear reactors. This 
ternary phase diagram is currently being investigated 
by F. I-I. Ellinger, C.C. Land, K.A.  Johnson and 
V. O. Struebing in this Laboratory. They have kindly 
supplied us with specimens suitable for single-crystal 
X-ray analysis. One of the ternary compounds, which 
has been designated phase C by Ellinger et al., has 
the approximate formula (Pu, Ce)sCoa, although the 
amount of cobalt in the phase is about 37 at.% 
rather than 37.5 at.% as the above formula indicates. 
The cerium content of this phase ranges from 4 to 
23 at.%. Structures of other ternary compounds in 
this system are being investigated and will be pub- 
lished as information becomes available. 

Exper imenta l  

Two specimens of phase C having different cerium 
and plutonium contents were investigated by single- 
crystal techniques. These alloys were prepared by arc 
melting the components and then heat treating the 
resulting ingots. Pertinent information concerning 
these specimens is given in Table 1. The ingots were 
crushed and small single-crystal fragments were 
selected. Precession photographs showed phase C to 
be tetragonal, and the systematic absences, hkl if 
h+l~+l=2n+l ,  Old if l = 2 n + l  and hhl if / = 2 n + l ,  
showed that  the space group is Id/mcm (if centrie). 
Lattice constants were measured on a carefully aligned 
single.crystal 0rienter on a G.E. XI~D5 using M0 
radiation (A Ka1=0.70926 _~). Both specimens had a 
small amount of PuCo2 in addition to phase C as 
shown by photomicrographs. Thus, the amount of 
cobalt in phase C is a little less than 37.5 at.%. 

Intensities for the complete hemisphere of a single 
crystal from each specimen were measured with the 
single-crystal orienter, Mo Ks  radiation and balanced 
filters. The maximum value of 20Mo was 50 °. The 

* Work performed under the auspices of the U.S. Atomic 
Energy Commission. 

Table 1. Data concerning two specimens of phase C 
Specimen number 9222B 9223A 

Gross composition Ce 12.5 at.% 22.0 at.% 
Pu 50.0 40.5 
Co 37-5 37.5 

Heat treatment 

a 

c 

1000 hr, 400 °C 1000 hr, 400 °C 
-b 700 hr, 500 °C 

10-730_+ 0.003 A 10.743+_0-003A 
5-383_+0.002 5.367_+0.002 

Measured density 13.15 g.cm -a 12.06 g.cm -a 
:Number of non-equivalent 

reflections measured 170 170 
:Number of non-equivalent 

reflections observed 138 149 
Plane absorption corrections 

RF 10.1% 6.6% 
/¢F2 19.9% 12.2% 

and sphere absorption 
corrections 

RF 6.7% 5.0% 
RF2 12.0% 8"3% 

shapes of the somewhat irregular fragments were 
defined as well as possible by a small number of 
bounding planes. Absorption corrections were com- 
puted by the Busing & Levy (1957) method using 
Burnham's (1962) program modified for single-crystal 
orienter geometry. R factors based on 2' and F 2 and 
formed by comparing the equivalent observed reflec- 
tions (eight in number for general hkl reflections) 
with their mean values are given in Table 1. Absorp- 
tion corrections were also made by applying empirical 
corrections based on the measured variation of 
intensity with ~ at g = 9 0  °, and applying spherical 
absorption corrections based on the average radius 
of the fragments. R factors of equivalent reflections 
were again computed. I t  is seen, in Table 1, that  the 
agreement between equivalent reflections is much 
better with the empirical absorption corrections than 
with the formally more rigorous plane absorption 
calculations. The reason for this anomaly is the 
difficulty of measuring and defining the shape of a 
small irregular fragment. 



A L L E N  C. L A R S O N ,  R .  B.  R O O F .  J R .  A N D  D O N  T.  C R O M E R  1383 

Tab le  2. Coefficients for analytic scattering, factor curves 
Atom a t b 1 a~ b 2 a a b 3 a4 b 4 c Maximum s 

Co 13.695 5.824 6.090 0-813 3.]94 54.998 - -  - -  3.987 1.50 A -1 
Ce 21.465 2.758 19.761 0.223 12.127 16.287 2.794 128.200 1.832 1.99 
Pu 36.576 0.497 23.790 3.223 16.679 14.156 3.405 93.209 13.513 1.99 

Determinat ion  of the s t r u c t u r e  1955a, b). A t h r e e - d i m e n s i o n a l  P a t t e r s o n  f u n c t i o n  

All  ca lcu la t ions  were  ca r r i ed  f o r w a r d  more  or less was  c o m p u t e d .  This  f u n c t i o n  was  c o m p l e t e l y  com- 
s i m u l t a n e o u s l y  w i t h  t h e  d a t a  f r om each  of t h e  two  pa t i b l e  w i t h  t h e  D 8 ~  s t r u c t u r e  t ype .  I t  is of i n t e r e s t  
spec imens .  H o w e v e r ,  for b r e v i t y ,  t he  d iscuss ion  f rom t h a t  he re to fo re  on ly  m e t a l  si l icides a n d  g e r m a n i d e s  

n o w  on, unless  o the rwise  s t a t ed ,  wil l  a p p l y  to  spec imen  

9222B a n d  i ts  d a t a  set  w i t h  p l a n e  a b s o r p t i o n  correc- Tab le  3. Final isotropic parameters for PUdCeCo~ 
t ions .  The  conclus ions  r e a c h e d  are  t h e  same  regard less  
of w h i c h  s p e c i m e n  or wh ich  d a t a  set  is used.  Atom x y z B 

The  ax ia l  ra t io ,  t h e  a p p r o x i m a t e  chemica l  f o r m u l a  Pu 0.0862_+ 0.0006 0.2186_+ 0.0006 0 2.2_+ 0.2 A 2 
Ce 0 ½ ~ 4.2 _+ 0"5 

a n d  t h e  p r o b a b l e  space g roup  sugges t ed  t h a t  t h e  Co(1) 0 0 ¼ 2.1_+0.8 
c ry s t a l  has  t h e  D8m or WsSia s t r u c t u r e  (Aronsson,  Co(2) 0.158 _+0.002 ½+x 0 2.2_+0.6 

Tab le  4. Final anisotropic parameters for 1)udCeCoa 

Atom x y z Bzz x 105 B~2 x 10 5 Ba3 x 105 /~1~ x 105 
Pu 0"0860+0"0004 0"2185_+0"0004 0 495_+41 375_+37 2665_+157 --52_+58 
Ce 0 ½ ~ 132 _+ 67 .Blz 16631 _+ 1452 - -  

Co(I) 0 0 ¼ 386_+ 151 Bzz 756 _+ 901 
Co(2) 0.1576 _+ 0.0013 ½+x 0 264_+ 113 Bll 4915 -+ 1156 215 -+ 264 

Tat)le 5. Observed and cal, culated structure factors for anisotropic ordered phase C 
The column headings are h,/Po and/~c. A minus sign preceding Fo means 'less than' 

K = 0 L= 0 g= 1 Lz 2 K= 2 L = 2 K = 3 L= 3 K= 4 L -  5 K= 6 L= 3 

2 - 3 6  - 5 7  7 365 - 3 5 6  10 12q - 1 4 7  6 237 234 5 97 102 
4 276 239 9 270 290 8 391 - 3 9 2  
6 213 - 2 4 5  11 93 - 8 6  K-  2 L= 3 10 75 63 K= 5 L= 0 
8 - 5 5  47 

10 331 346 gz 1 L= 3 3 429 - 6 1 6  K= 3 L= 4 5 716 - 6 9 1  
12 157 192 5 178 172 

2 169 - 1 8 6  7 - 5 5  - 1 7  
K :  0 L :  2 4 467 -461 9 - 5 8  11 

6 140 154 I I  134 141 
0 834 1 0 C 9  8 131 129 
2 460 - 4 5 8  lO 209 209 Ks 2 L= 4 
4 177 - 1 7 C  
6 5 1 3  - 5 3 5  K-  1 L= 4 2 153 - 1 7 1  
8 213 - 2 2 5  4 331 285 

10 94 8? 1 78 127 6 2C~ 190 
12 - 6 5  - ! 5  3 104 - 6 5  8 I I~  106 

5 127 164 
K= 0 L= 6 7 239 - 1 9 8  K= 2 L = 5 

9 178 188 
0 650 72C 3 248 - 2 1 7  

7 117 123 
9 164 170 

K= 6 L= 4 

7 - 5 4  - 1 7  6 237 202 
3 - 5 7  6 g 254 - 2 5 2  
5 128 149 11 233 218 K= 7 L= 0 
7 139  151 
9 - 6 7  --29 K= 5 L "  1 7 306 283 

9 22U - 2 3 2  
K= 3 L= 5 6 172 182 

8 - 5 ]  - 6 5  K= 7 L = 1 
6 - 5 9  - 7  I 0  19C 205 
6 141 13C 8 129 145 

K= 5 L= 2 10 131 - 1 5 2  
K "  3 L :  6 

5 502 - 4 8 7  g :  7 L= 2 
3 -7C - 3 6  7 - 5 9  79 

9 142 - 1 3 0  7 33C 339 
2 67 - 8 9  g -  1 L -  § 5 96 80 K-  4 L= C I t  252 275  9 128 - 1 1 8  
4 73 64 7 - 6 5  - 2  
6 187 - 2 1 6  2 102 - 1 1 1  4 - 4 ;  - 5 4  K-  5 L "  3 K= 7 L= 3 
8 - 6 2  - 3 2  6 258 - 2 3 5  K= 2 L = 6 6 -§C  - 6 3  

6 83 88 8 90 q2 6 12~ 127 8 108 103 
K-  0 L= 6 2 167 - 1 4 6  10 215 224 8 - 6 1  - 3 6  

g -  1 L = 6 12 267 278 1C 148 150 K= 7 L= 4 
0 282 26C K= 3 L "  0 
2 121 - 1 0 2  1 - 6 6  8 K-  6 L= 1 K~ 5 L "  4 7 224 233 
6 - 6 9  - 2 1  3 87 - 8 8  3 2?5 - 2 2 7  

5 126 145 5 223 219 5 342 - 2 8 8  K= 8 L= O 
K- 1 L" C K- 2 L" 0 7 157 178 7 145 - 1 6 7  ? - ~ 2  62 

9 176 - 1 9 5  9 182 - 1 9 3  
1 - 3 2  43 2 154 - 1 9 6  11 161 - 1 7 7  11 -6C 12 K= 5 L" 5 
3 337 - 2 9 1  6 791 738 
5 125 152 6 506 671 K-  3 L "  1 K -  4 L "  2 6 91 67 
7 551 - 5 3 7  8 313 29q 
9 224 236 10 74 8C 4 - 4 3  - 2 8  4 382 - 3 8 0  K= 6 L -  0 

11 183 - 2 C 0  12 111 - 1 2 6  6 323 324 6 328 - 3 3 3  
8 512 - 5 3 0  8 153 - 1 6 4  

K-  1 L -  1 K-  2 L -  1 10 72 84 I 0  - 6 1  - 1 2  
12 I l l  - 1 1 6  

2 24q - 2 5 4  3 642 - 6 2 0  K-  4 L -  3 
4 700 - 6 q 3  5 276 270 K -  3 L= 2 
6 199 21C 7 - 4 9  - 3 5  5 166 169 
8 184 194 9 - 5 4  7 3 ~6 %72 7 113 - 1 1 4  

10 26q 274 11 179 198 5 213 213 9 13~ - 1 4 8  
12 118 - 1 3 5  7 226 236 

K- 2 L" 2 9 16 - 7 0  K-  k L= 4 
K= 1 L= 2 11 83 - 6 7  

2 567 - 5 6 3  6 8q - l O T  
l 139 143 4 278 239 K-  3 L -  3 6 77 -8C 
3 147 - 1 4 7  6 1 1 3  B8 8 - 6 1  - 5  
5 216 224 8 - 5 7  - 5  4 - 5 1  - 1 7  

6 52C 5C7 
8 l q 4  187 

IC - 6 2  - 5 3  

K-  6 L -  1 

7 162 168 
q 214 229  

1 [  - 6 5  15 

K:, 6 L "  2 

6 193 171 
8 - 6 2  - 5 7  

1C 198 - 2 2 6  

8 114 129 

K= 8 L= l 

9 16C - 1 7 2  

K= 8 L = 2 

8 8C - 7 9  

K= 9 L= 0 

9 79 - 6 6  
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Table  6. 'Apparent' thermal ellipsoids in phase C 
Orientation relative to the crystallographic axes 

Atom Axis B r.m.s. Amplitude a b c 

Pu 1 2.3+0.2 A ~" 0.171 +0.007/~ 11.8+ 12.8 ° 101.8_+ 12.8 ° 90 ° 
2 1.7 ± 0.2 0.147 _+ 0.007 78-2 _+ 12-8 11.8 _+ 12.8 90 
3 3.1 ± 0.2 0.197 _+ 0.006 90 90 0 

Ce 1 0.6 _+ 0.3 0.088 ± 0.022 0 90 90 
2 0.6_+0.3 0.088+0.022 90 0 90 
3 19.2 ± 1.7 0.493 ± 0.022 90 90 0 

Co(l) 1 1.8±0.7 0.15 ±0.03 0 90 90 
2 1.8+0.7 0.15 -+0.03 90 0 90 
3 0.9-+ 1.0 0.11 _+0.06 90 90 0 

Co(2) 1 1.7 4- 0.9 0" 15 -+ 0.04 45 45 90 
2 0.7-+0.7 0.10 ±0.05 135 45 90 
3 5.7_+ 1.3 0.27 ± 0.03 90 90 0 

h a v e  been  observed  to  have  th i s  s t ruc tu re .  The  ideal  
fo rmula  is t h u s  PudCeCo3 w i t h  four  fo rmula  u n i t s  
pe r  u n i t  cell  a n d  w i t h  the  a toms  in  t he  fol lowing 
pos i t ions  of I4/mcm" 

P u  in  16(k): 
Ce in  4(b): 
Co(l)  in  4(a):  
Co(2) in  8(h): 

x, y, 0 ; x ~- 0"09, y ~ 0.22 
o, ½, :~ 
0,0,¼ 
x, ~-+x, 0; x ~ 0 . 1 6 .  

The  ca lcu la ted  d e n s i t y  is t h u s  13.64 g .cm -3, a r a t h e r  
h igh  va lue  as compared  w i t h  t h e  m e a s u r e d  d e n s i t y  
of 13.15 g.cm-3. This  d i s c r epancy  wil l  be discussed 
la ter .  

A fu l l -ma t r i x  l eas t - squares  r e f i n e m e n t  which  min-  
imized  Zw(AF) 2 was t h e n  car r ied  out.  Observed  
re f lec t ions  were  g iven  we igh t s  based  on coun t ing  
s t a t i s t i c s  accord ing  to the  fo rmula  g iven  b y  E v a n s  
(1961). U n o b s e r v e d  ref lec t ions  were g iven  zero weight .  
All  R fac tors  quo ted  inc lude  on ly  observed  ref lect ions .  
The  s c a t t e r i n g  fac tors  were used in  the  a n a l y t i c  form 

f(s) = .~a~ exp (-bis2)+c, 
i = l  

where  s = s i n  0/;t a n d  n = 3  for coba l t  a n d  n = 4  for 
cer ium a n d  p l u t o n i u m .  The  coeff icients  are g iven  in  
Tab le  2. R e c e n t l y  ca l cu la t ed  r e l a t i v i s t i c  s c a t t e r i n g  
fac tors*  for cer ium a n d  p l u t o n i u m  were used,  a n d  
the  s c a t t e r i n g  fac to r  for coba l t  was t a k e n  f rom 
International Tables for X-ray Crystallography (1962). 
Anomalous  d i spers ion  corrections~ Af'~ of -8 .267  

- 0 . 3 8  a n d  + 0 . 3 7  e lec t rons  were app l i ed  to t he  
p l u t o n i u m ,  ce r ium a n d  cobal t  s c a t t e r i n g  factors ,  
r e spec t ive ly .*  

A n  i so t ropic  r e f i n e m e n t  was  f i r s t  m a d e  l e a d i n g  to 
a n  R of 13-0% a n d  g iv ing  the  p a r a m e t e r s  in  Tab le  3. 
These  resu l t s  appea red  to  be r ea sonab le  b u t  i t  was 
n o t e d  t h a t  t he  t h e r m a l  p a r a m e t e r  of ce r ium was twice  
as la rge  as t h a t  of a n y  o the r  a tom.  The  f ina l  changes  

* Extensive tables of scattering factors and anomMous 
dispersion terms calculated from relativistic wave functions 
are in preparation. 

expressed  as f rac t ions  of t he i r  s t a n d a r d  dev ia t ions  
were a l l  < 3 x 10 -6. 

An  an i so t rop ic  r e f i n e m e n t  was t h e n  c o m p u t e d  a n d  
R was reduced  to  7.5%. The  f ina l  sh i f t s  expressed  
as f rac t ions  of t he i r  s t a n d a r d  dev ia t i ons  were al l  
< 4  x 10 -6. The  an i so t rop ic  p a r a m e t e r s  are g iven  in  
Tab le  4. A l i s t  of t he  observed  s t r u c t u r e  fac tors  a n d  
those  ca lcu la ted  w i th  the  p a r a m e t e r s  of Tab le  4 is 
g iven  in  Tab le  5.~ 

D i s c u s s i o n  of the s tructure  and a t t e m p t s  
at further  re f inement  

The an iso t rop ic  t h e r m a l  p a r a m e t e r s  were t r a n s f o r m e d  
to o b t a i n  the  axes  of the  t h e r m a l  el l ipsoids and  the  

x=O 

x=0"5 

Z = 0  C e  C e  Z=l 

. . . . . . .  . . . . .  . . . . . . . . . .  

. ~ . . .  , . * "  . . . . . , . - , " "  
• . -  

) ........................ 0 ...................... ( . ." . 
! . '  .; : Y  )" :° . . . .  i 

) ..... 0 .... ( .. . . "  "" 

"': ....'" ~':*: i 

; . .  . . . . . . . .  . :  

• , , "  
• : , , - °  

. . ,  • ,  . , , "  • , ,  . 
... . ... . 

• • . ,  
:" : . .:" 

: : :  . . . . . . . . . .  / ( . . . . . . . .  ""  
".  j 

I 

CoO) CoO) 

Fig. 1. Difference Fourier synthesis after isotropic refinement, 
y=0.5  section. Contours are at 3 e./~ -~ intervals. The 
standard deviation of the electron density is estimated to 
be 3.4 e.A -a. Positive contours are heavy lines, negative 
contours light lines, and the zero contour is dotted. 

t A similar list for specimen 9223A, with the higher cerimn 
content, can be obtained from the authors. 
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orientation of the ellipsoids relative to the crystallo- 
rgaphic axes. The information is g iven in Table 6. 

In at tempting  to interpret the above results,  one 
must  explain several things:  (1) the phase is known 
to have a large composit ion range with  respect to 
cerium and plutonium; (2) the ideal 37.5 at .% cobalt 
is never attained; (3) the measured dens i ty  is ap- 
preciably lower than the calculated densi ty  of an 
ordered Pu4CeCo3 structure; (4) the extreme an- 
isotropy of the 'apparent' thermal  mot ion of the 
cerium and to a lesser extent  that  of Co(2) must  be 
accounted for. 

First let  us note  that  the cerium in the set 4(b) 
leads to a linear chain of Ce atoms c / 2  = 2.69 ~ apart. 
This is a Ce-Ce distance far shorter than in any other 

x=O 

x=O'5 

z=O Ce Ce z = 1 

: - : . . ( / i . . .  t :..~ ...... ..==. ....... ..i.:~. . ............. ~....;..~ ...... 

g 

. . .~ • . . .  o...* • ° .. 

) • . . .  . , 

;' .: ". , 
. : '  

. .  

• . . . . .  

. r  . . . . .  . .  

' ° 

Co(I) 

F • ". 

f . i  

". 

l 

I ?  

• ° . . . . . . .  

. . . . . . . . . ° . . , . . • .  

: . , . . . .  

. : .  

• - 
: .' 

:" . . . . . .  1. 

" 1 (I ' i; 
! I " v ; 

C o i l )  

( 
°. 

°. 

Fig. 2. Difference Fourier synthesis after anisotropic refine- 
ment, y=0.5 section• Contours as in Fig. 1. The standard 
deviation of the electron density is estimated to be 1.9 e./k -3. 

, x = O  

x=0"5 

z =0 Ce Ce z='l 

. . . . .  . " -"- - , - - -  . . .  ..... ~ . .  

........ : :  ....... i ,  .... 
• .  . . . . . .  • . . . . . . '  . . . . .  • . . . . '  

. . . . . . .  t, , . . . . . .  ... 
. •  • , . . '  

• , , . , ,  • 
• t ' ' "  " t '  ' 

: " ' "  : ' . . . . . .~ . , . . . ' "  , . , . . . ' .  ... 

"1 = , s 
• , 

• .. . , 
. . . . .  , .  . , .  . . . .  

° -  . . . .  . . . .  . . . .  . . . . . r " ' . . .  , °  . . . . . . . . . .  • . . . . . . . .  i " . . .  
. . . . . . . . . . . . . . . .  

" . . . . . "  " . . . . / j  

Co(I)  Co i l )  

Fig. 3. Observed Fourier synthesis, y--.= 0.5 section. 
Contours are at 20 e.2k -8. 

cerium intermetallic compound and it is thus unlikely 
that  this  set is ful ly  occupied• Fig. 1 shows a difference 
Fourier section after the isotropic refinement.  There 
is a large residual electron density  along the l ine 
0, ½, z. These peaks result  from either a distribution 
of the  cerium atoms about z = } or a violent  anisotropic 
thermal  motion• The anisotropic temperature factor 
of the cerium leads to an r.m.s, ampli tude of nearly 
0.5 /~ in the z direction, a value hardly compatible  
with the apparent 2.69 A Ce-Ce distance along z. 
Fig. 2 shows a difference Fourier section after an- 
isotropic refinement• There are still  significant peaks 
midway between the cerium atoms. Fig. 3 shows an 
observed Fourier synthesis  of this same section and 
it is seen that  the electron density  is quite smeared 
out along the l ine 0, ½, z. 

x=O 

..:15.::: :.-.."i 

' - . . . .  

y=0"5 

-:iii J .i.] .. .... 

/ ° 

,.." - . . t  

• - ..... . . " . . . . . . . . . / - " " ; ?  

x=0.5 
..... ' ~ . .  

. . . . . . .  

-,," : : 

?.. .... :.-:. 

Fig. 4. Observed Fourier synthesis, z = 0 section. 
Contours as in Fig. 3. 
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Fig. 5. Difference Fourier synthesis after anisotropic refine- 
ment, z = 0 section• Contours as in Fig. 1. 
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Fig. 4 is an  observed Four ier  section at  z=O and 
Fig. 5 is a difference Fourier  synthesis  of this  same 
section af ter  anisotropic ref inement .  Nothing out 
of the  ord inary  is seen at the Pu  or Co(2) positions. 

We now propose the following type  of disorder 
for specimen 9222B. The set 4(b) is only par t ia l ly  
f i l led wi th  cerium, and  those atoms tha t  are in  this  
set are a t  z--¼ only as an  average or most  probable  
value. One can th ink  of s tar t ing with the ordered 
PudCeCo~ structure and  removing cerium from set 4(b). 
For  each cerium atom removed from the crystal,  
four p lu ton ium atoms are also removed in  order to 
re ta in  the 4:1 Pu:  Ce ratio. Then more cerium atoms 
leave set 4(b) and  go into the 16-fold p lu tonium posi- 
tions. Even tua l l y  enough cerium is removed so tha t  
the  average Ce-Ce dis tance along the l ine 0, ½, z 
is a reasonable value. As the cerium atoms get far ther  
and  far ther  from the z=~ location they  begin to 
approach too closely to the Co(2) atoms in set 8(h). 
The Co(2) atoms then  are pushed away in  the z 
direction. The ra ther  large apparent  the rmal  motion 
of Co(2) in  the z direction (Table 6), we therefore 
suggest, is a s ta t is t ical  var ia t ion of z coordinate about  
z=O ra ther  t han  the rmal  motion. Even tua l ly  the 
cerium atom approaches z=O so closely tha t  the 
Co(2) atoms cannot  be pushed far  enough away with- 
out becoming too close to other atoms and  therefore 
are missing entirely.  In  this  s i tuat ion the most  
energetically favorable posit ion for cerium is at  z = 0 
ra ther  t h a n  close to zero. Thus we have a s l ight ly  
larger electron densi ty  at  0, ½, 0 in  the observed 
Four ier  shown in Fig. 3 t han  at 0, ½, z where z is 
small.  Also, the quite signif icant  peaks at  0, ½, 0 in  
the  difference Fourier  synthesis  of Fig. 2 are ex- 
plained.  

In  the above analysis  the tac i t  assumpt ion has been 
made  tha t  no p lu ton ium is in the set 4(b). There is 
no good reason for assuming this. However, if plu- 
ton ium could readi ly  go into both positions, one 
might  expect the phase to be stable without  any  
cerium. 

Specimen 9223A, with 22 a t .% cerium, is expla ined 
in  the same manner ,  the only difference being tha t  
set 16(b) has a greater fract ion of cerium. 

Numerous a t t empts  to least-square with addi t ional  
parameters  giving the fract ion of vacancies in  set 4(b) 
and  the  cerium fract ion in  set 16(k) were made. 
These par&meters were so highly correlated with the 
scale and  tempera ture  factors, and  depended so 
s trongly on the anomalous dispersion terms, the 
weighting scheme and  the scattering factors tha t  
nothing conclusive could be determined.  

I t  has been our experience tha t  the measured 
densit ies of arc-melted ingots consisting of a single 
phase, or very  near ly  a single phase, are fa i r ly  close 
to the computed densities. If  we accept the measured 
value  of 13.15 g.cm -8 as being correct, or only s l ight ly  
low, we can compute, on the basis of the above model,  
how much  cerium is missing in  order to reduce the 

dens i ty  to tha t  which is observed. I f  we require 
tha t  the cobalt  content  be 37 at .%, the  P u : C e  rat io 
be 4:1 and the dens i ty  be 13-15 g.cm-8, we arr ive 
at  the formula uni t  Ps.s67Ce0.967Coe.s89. Let  us rewri te  
this  formula as [Pus.s67Ce0.183]Ce0.s84Co2.sa9 where the  
brackets  contain the atoms in the fi l led set 16(/c). 
The average Ce-Ce dis tance in set 4(b) will  now be 
3.23 A, which is a reasonable value. 

The thermal  anisotropy of the atoms in  set 16(k) 
m a y  be real but  more l ike ly  is artificial.  The two 
kinds  of atoms in  this  set m a y  occupy s l ight ly  dif- 
ferent positions or these atoms m a y  also be pushed 
aside by  the cerium atoms in  set 4(b) approaching 
z=O. In  the recent ly  de termined structure of PusSi8 
(Cromer, Larson & Roof, 1964), a well ordered 
representat ive of this  s tructure type,  the thermal  
motion of the p lu ton ium in set 16(k) is essent ia l ly  
spherical.  

The in tera tomic  distances are given in  Table 7. 
These have been computed from the parameters  l is ted 
in Table 4 for an ordered PuaCeCo8 crystal.  Correlation 
terms and lat t ice constant  errors have been included 
in  the s tandard  deviations.  All distances involving 
cerium are of course wi thout  real meaning.  

Table  7. Interatomic distances in ordered phase C 

Pu-1 Pu 2.969 -+ 0.008 
-2 Pu 3.260 +_ 0.004 
-2 Pu 3.355 _+ 0"005 
-2 Pu 3.567 _+ 0.006 
-2 Ce 3-435 _+ 0.004 
-2 Co(l) 2.857_+0.004 
-1 Co(2) 2.830_+0.018 
-1 Co(2) 2.936_+_0.007 
-2 Co(2) 3.094_+0.004 

Ce-4 Co(2) 2.744_+0.017 
-2 Ce 2.685 _+ 0.001 
-8 Pu 3.435 _+ 0.004 

Co(l)-2 Co(l) 2-685_+0.001 A 
-8 Pu 2.857 +_ 0.004 

Co(2)-2 Co(2) 3.885 + 0.029 
-2 Ce 2.744_+0.017 
-2 Pu 2.830_+0.018 
-2 Pu 2.936 _+ 0.007 
-4 Pu 3.094 +_ 0.004 

All calculations were made  on an  IBM 7094 com- 
puter  with programs wr i t ten  by  the authors.  The 
Fourier  figures were made  by  an  SC-4020 cathode 
r ay  plotter  using inpu t  tapes prepared on the IBM 7094 
computer.  

We wish to thank  F. H. El l inger  for m a n y  helpful  
discussions and  V. O. Struebing for the preparat ion 
of the specimens. 
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