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near the minimum, and this is reported to improve the 
rate of convergence. 

The difficulty experienced in refining the y co- 
ordinates of atoms near glide planes is inherent in the 
absence of recorded reflexions of the type (hlcl) with h 
odd, and this difficulty would be experienced in Fourier 
methods as well as in the steepest-descent method. 

If  accurate observed structure factors were available, 
together with a suitable transformation to render the 
minimum in R space spherically symmetrical, then 
there seems to be no reason why results given by 
Booth's method of steepest descents should not be of 
comparable accuracy with those from Fourier methods, 
even though a complete set of structure factors is not 
available. In any case it is possible to obtain at least a 
good approximation to the true crystal structure from 

a powder photograph only, as is shown by the work in 
this paper. 

I wish to express my thanks to Dr V. Vand for his 
advice and encouragement in this work, and to Misses 
]3. Edkins and M. Old for help in the computations. 
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Pu~Ca is cubic  w i th  e igh t  molecules  pe r  u n i t  cell a n d  a---- 8-129 _+ 0 .001 / i .  The  ca lcu la ted  dens i ty  is 
p-12.70 g.cm.  -8 The  space g roup  is 1-43d-T~. The p l u t o n i u m  a toms  are  in  16-fold posi t ions w i th  
x - 0 . 0 5 0  _+ 0-003. A reasonab le  s t r u c t u r e  is ob t a ined  w i t h  t he  ca rbon  a t o m s  in 24-fold posi t ions  
w i t h  y = 0.280. 

E a c h  p l u t o n i u m  a t o m  is b o n d e d  to  n i n e  ca rbon  a toms ,  t h r ee  be ing  a t  a d i s tance  of  2 . 4 8 / l ,  t h r ee  
a t  2-51 / i ,  a n d  th ree  a t  2 -84 / l .  The  shor tes t  P u - P u  d i s t ance  is 3.35 A. T h e  ca rbon  a t o m s  a r e  

b o n d e d  t oge the r  b y  cova len t  bonds  to  fo rm C 2 groups.  

The first identification of plutonium carbide was 
reported in 1944. Dr E. F. Westrum submitted for 
X-ray diffraction study a micro preparation which he 
had obtained by lithium reduction of plutonium tri- 
fluoride in a graphite crucible. The diffraction study 
showed the presence of three phases in the sample. 

One of these phases corresponded exactly to the 
compound PuO, which had been encountered in earlier 
work. The second phase had the sodium-chloride type 
of structure with a=4.910+_0.005kX, and was 
identified as PuC. 

The third phase was cubic with a body-centered 
translation group and a--8.11 _+ 0.01 kX. On the basis 
of volume considerations the compound was tentatively 
identified as Pu2C a with eight molecules per unit cell 
and a calculated density of p--12.70 g.cm. -8. The 
space group was given as I43d. 

The corresponding carbide of uranium was not 
known at the time these results for plutonium sesqui- 
carbide were obtained. Recently the existence of U2C 3 

has been reported (Mallett, Gerds & Vaughan, 1950), 
and some crystal-structure information given. I t  is 
clear from the reported results that  U2C a is isostructural 
with Pu2C 3 . The authors have, however, overlooked the 
earlier work on the plutonium compound. 

I t  is the purpose of the present paper to describe the 
crystal-structure determination of PusC3 in some detail. 
In the preliminary account of the investigation the 
identification of PusC 3 was given as tentative in 
character. The uncertainty of the identification was 
later removed,* and the identity is, of course, further 
confirmed by the recent identification of the iso- 
structural uranium compound. 

Determination of  the crystal structure 
Table 1 gives the X-ray diffraction data for PusCa as 
obtained with Cu K radiation filtered through nickel 

* Pu2C a has also been observed at Los Alamos according to 
a private communication by A. Coffinberry and F. Ellinger. 
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foil. The observed intensities in the  back-reflection 
region are listed in the  last column of Table 2. For  these 
reflections the  a 1 and a2 components were well 
separated.  The numerical  values for the observed 
intensities in the back-reflection region were obtained 
with the  aid of the  known intensi ty  rat io of  2 : 1 for 
the  a 1 to a 2 components.  This procedure is a convenient 
subst i tute  for the multiple-film technique whenever  the  
ch-a  2 doublet  is resolved. 

Table 1. Diffraction data for Pu2C 3 

sin 9" 0 ZH~ H~H~H a ! o ] -~1 ~P 
0"0539 6 211 w 36 
0.0726 8 220 m+ 85 
0"0913 10 310 s 85 
0.1285 14 321 m 60 
0"1461 16 400 vw 8 
0.2012 22 332 ra 67 
0.2195 24 422 w 43 

0.2362 26 (431J vs 124 
0-2724 30 521 ms 119 

- -  32 440 Nil 1 
0.3085 34 530 w 22 

j611I ~ -  0.3442 38 (532~ { 20} 
0"3620 40 620 w-- 14 
0.3797 42 541 s 102 
0.4154 46 631 w-t- 36 
0"4335 48 444 w+ 28 
0"4528 50 {710[ 

45 0.4877 54 {633~ 721} vs t 90} 
0.5051 56 642 s 112 
0.5229 58 730 m-- 42 
0.5587 62 {732~ 651, s -  { 8 0 } 
0.5766 64 800 w 29 
0"5945 66 741 w-b 30 
0.6303 70 653 w 30 

{ } 
0.6649 74 J 750 ~- w 15 

(743) 75 
0.6995 78 752 w 28 

Table 2. Data for parameter determination 

~C 
A 

r 

ZH~ ~ . a q  2 . = =  15 ° 18 ° 20  ° xo 

80 840 6 6 3 5 
82 910 19 8 3 8 

{921 13 0 6} 
86 761 52 48 39 40 

655 7 0 3 
88 664 84 82 60 70 

(754 0 20 42) 
90 ~851 42 48 541 80 

/930 0 8 20 

96 844 60 40 16 30 
J853 54 26 ~I 

10 36 40 
102 10 10 14 18 

104 10 110 128 100 
J943 0 36 88} 60 

106 ]950 44 50 58 

I t  is seen from Table 1 t h a t  the  observed sine squares 
correspond to a cubic body-centered t ranslat ion lattice. 
The observed sine squares for the three reflections with 
the highest values of ZH~ give the following results for 
the  unit  cell constant :  

ZH~ sin 2 0 a (kX.) 
102 0-9157 8"113 
104 0.9338 8.112 
106 0.9514 8.114 

Thus 

a=8.129_+ 0-001 A (8"113+_0-001 kX.) .  

I t  is seen t ha t  there are sys temat ic  absences in 
addit ion to those characterist ic of  the body-centered 
t ransla t ion group. These systematic  absences are:  

I. H1H1H a is absent  ff 2H  1 + H 3= 4n-b2. 

I I .  H1H2H a is absent  ff  H 1, Hg., H a are all even 
and Hl  + H2 + H 3 - 4 n  + 2. 

The absences listed under  I are characterist ic of the  
space-group s y m m e t r y  I43d-T6g. The second group of  
absent  reflections corresponds to the  16-fold positions 
of this space group. These 16-fold positions are: 

(0, 0, 0); (½, ½, ½)+ 

(x, x, ~); ( x + L  x + L  x + ~ ) ;  

(½+x, ½ - x ,  ~ ) ~ ;  (~+x ,  ~ - x ,  ~ - x ) ~ .  

By  symmet ry  considerations x can be restr icted to 
the range 0 ~< x ~< s 1. The fact  t ha t  400 is ve ry  weak and 
440 absent  requires x~lA ~. An accurate  value for 
x is readily obtained f rom the  back-reflection da ta .  

Table 2 shows the  calculated intensities due to the  
plutonium atoms for 2nx = 15,18 and 20 °. The following 
intensi ty formula was used: 

1 + cos 2 20 
Ic oc I F ]2 p sin ~ 0 cos 0 '  

where P is the multiplicity factor.  On the basis of the  
results given in Table 2 one finds 

x = 0.050 +_ 0"003. 

The last  column of Table 1 shows the  values of  
I F  [~P calculated with x = 0.050. The excellent agree- 
ment  between observed and calculated intensities is 
proof  t ha t  the number  and positions of the  plutonium 
atoms in the  uni t  cell have been correctly deduced. 

Wi th  sixteen plutonium atoms in the  unit  cell the 
volume per p lutonium a tom is 33.5/~a. The corm- 
sponding value for PuC is 30 A 3. In  UC~ the volume 
per u ran ium a tom is 37 A 3, and one would expect  
pract ical ly the same value for the  analogous plutonium 
compound. Thus the observed volume of the unit  cell 
leads to the conclusion t h a t  there are one and a haf t  
carbon atoms per plutonium atom,  i.e. t ha t  the  com- 
pound  is Pu2C 3 with eight molecules per uni t  cell. This 
gives a calculated densi ty  of p =  12.70 g.cm. -3. 

Because of the small scat ter ing power of  carbon 
relative to plutonium there is no hope of determining 
the  carbon positions from intensi ty  considerations. 



W. It. Z A C t t A I ~ I A S E N  19 

Accordingly, an a t t empt  will be made  to locate the 
carbon atoms in other ways. 

In  the space group 1-43d there are only two ways in 
which the twenty-four carbon atoms in the uni t  cell 
can be dis t r ibuted among the  available positions. 
Ei ther  the carbon atoms occupy the two sets of 12-fold 
positions without  degrees of freedom, or they  are in the  
24-fold positions with one degree of freedom. 

I n  the former case the closest Pu -C  separat ion is 
2.20 ~.  This value is so much  smaller t han  the distance 
2.46/~. observed in PuC tha t  this  dis t r ibut ion of the 
carbon atoms must  be discarded as unreasonable.  

The 24-fold positions for the carbon atoms are: 

(0, 0, 0); (½, ½, ½)+ 

(y, 0, ¼)~; ( i _ y ,  0, ~)~; (~+y ,  0, ~)~; ( ~ - y ,  0, ¼)~. 

I f  the Pu-C  distance is to be 2-46/~ or greater, the  
parameter  y must  lie in the range 0.27 ~< y 4 0.48. By  
symmetry ,  values y and ~ - y  are equivalent  so tha t  
only the range 0.27 ~< y ~< 0.375 needs to be considered. 
For  y = 0.375 two carbon atoms occupy the same site, 
and  it  is clear tha t  y mus t  be considerably less t han  ~ ff 
carbon atoms are to be reasonably far apart .  Even  ff 
y = 0.27, the C-C separat ion is only 1.71/k. I t  is there- 
fore clear tha t  the carbon atoms are bonded together. 
I f  the bonding corresponds to a single bond, one would 
expect a C-C distance of 1.54/~, which requires y = 0.28. 

The value y--0 .28 will be adopted as leading to the 
most reasonable structure. 

Discuss ion  o f  the structure 

With  the parameter  values x = 0.050 and y = 0.280 the  
intera tomic distances become: 

Pu -3  Pu  = 3.35/~ C-1 C = 1.54 _A 
Pu-2  Pu  = 3.52 A C-2 Pu = 2.48/~ 
Pu -6  Pu = 3.70 A C-2 Pu = 2.51/~ 
P u - 3 C  =2.48_~ C - 2 P u = 2 . 8 4 / ~  
Pu -3  C =2-51 A 
Pu -3  C = 2.84 A 

In  PuC each pIutonium atom is bonded to six carbon 
atoms with P u - 6 C = 2 - 4 6  A. The distances Pu-C  in 
Pug C a are thus  quite reasonable. The P u - P u  distances 
are all sufficiently large, bu t  it is difficult to state 
whether  or not  there is direct P u - P u  bonding. 

I t  is seen tha t  carbon atoms are bonded together into 
pairs. The bond distance of 1.54 A was assumed, and  
the actuM bond length  m a y  possibly be a li t t le shorter 
t han  assumed. 

Thanks  are due to Dr  E. F. Wes t rum for the loan of 
micro preparat ions of p lu tonium carbides and  Miss 
Anne Plet t inger  for having taken the X-ray  diffraction 
patterns.  
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X-ray diffraction examination shows that  Sherman Fried, P. Sellers and 1~. E. Elson have succeeded 
in producing protactinium metal by  reduction of the tetrafluoride with barium. 

Investigations of the micro preparations showed the presence of small amounts of Pa02 and of 
two other phases not previously encountered. One of these phases is identified as PaO, and the 
other as Pa metal. 

Protactinium metal is tetragonal body-cenf~red with ~wo atoms in a cell of dimensions 
a l =  3.925 +_ 0.005, a3 = 3.238 _+_ 0.007 A. 

The calculated density is p =  15.37 _+ 0.08 g.cm. -8. 
Each metal atom has ten next neighbors, eight at a distance of 3.212/~ and two at 3.238/~. 

The metallic radius of protactinium for co-ordination number twelve is 1.63/~. The results on 
thorium, protactinium and uranium show tha t  there are no 5f-electrons in the metals. 

PaO has the sodium chloride type of structure with a -4 .961  + 0.003 fix. The calculated density 
of PaO is p = 13.43 g.cm. -a. 

The first compounds of protac t in ium to be prepared the chemical iden t i ty  was established through inter- 
and  conclusively identified were PaO~, Pa2Os, PaCla, preta t ion of X-ray  diffraction pat terns  of the micro 
PaOS and P a F  4 (Zachariasen, 1949, 1950). In  all cases preparations.  
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