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The Crystal Structure of PuA13* 

BY ALLEN C. LXRSO~, DON T. CROMER AND C. K. STAMBAUGH t 

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S.A. 

(Received 10 September 1956 and in revised]orm 18 January 1957) 

The crystal structure of PuAI.~ has been determined by single-crystM methods. The structure is 
hexagonal with a = 6.10~0.02, c = 14.47±0-04 A, Z = 6 units of PuA13 per unit cell, and most 
probable space group P6Jmmc. The structure is a new type of AB.~ structure and is an example of 
a type of hexagonal closest packing in which the stacking sequence is . . . A  B C A C B A . . . ,  
rather than . . .  A B A B . . .  as in the usual hexagonal closest-packing structure. This structure is 
related to that  of the cubic substance UAI~ through an ordered rearrangement of the close-packed 
layers parallel to the ( l l l )  plane and a slight distortion of this 'ideal' structure caused by the 
relative size difference between Pu atoms and A1 atoms. 

Introduct ion 

Several years ago one of us (C. K.  S.) studied the 
crystal  s t ructure  of PuAl~ and arrived a t  an approx- 
imate structure.  I t  was recently brought  to our at ten-  
tion tha t  Runnalls  (1953) had worked on this same 
structure,  and he has since published his work (Run- 
nalls, 1956). I t  was noted t ha t  his original model 
differed from ours in some impor tan t  details. We 
decided therefore to repeat  and refine our earlier work. 

E x p e r i m e n t a l  

Single-crystal specimens of PuA13 were prepared by 
essentially the same method as t ha t  described by 
Runnalls  (1956). Weissenberg photographs were taken  
of the hOl, hhl, hll, hkO, and hkl reciprocal lattice nets 
with Cu K s  radiation. These photographs  showed the 
following s y m m e t r y :  hO1, hhl, and hll reciprocal latt ice 
nets, C.~z; hkO and Mcl reciprocal lattice nets, C6z. 
The only systematic  extinction observed was hhl with 
l odd. Possible space groups are P63/mmc, P-62c and 
P63mc. The lattice constants  were determined from 
measurements  on hO1 Weissenberg photographs  and 
found to be 

a = 6.10+0.02, c = 14.47±0.04/~ 

(). (Cu K a l ) =  1"54051 A), in good agreement  with 
Runnalls  (1956). The densi ty was found to be about  
6.4 g.cm. -3 by the displacement method, using bromo- 
benzene as the displacement liquid. Thus Z = 5.5 (6) 
formula units per unit  cell. 

A series of single-film t imed Weissenberg photo- 
graphs of the h Ol reciprocal-lattice net  was taken  with 
Me K a  radiat ion and a crystal  about  0.1 ×0.1 x0.2 
mm.,  the longer dimension being parallel to the rota- 
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tion axis. The intensities were visually es t imated with 
the aid of a series of spots of known relative intensi ty 
made  from the same crystal.  Of the approximate ly  
465 possible non-equivalent  reflections, 319 were ob- 
served. Reflections were observed to the limit of the 
Me reflection sphere, indicating a small t empera ture  
factor.  Intensit ies were corrected for the L . p  factors 
and converted to relative s t ructure  factors in the 
usual way. No absorption correction was made be- 
cause of the irregular shape of the crystal.  The ex- 
cellent agreement  between observed and calculated 
s t ructure  factors finally obtained suggests tha t  the 
absorpt ion error was not serious. 

The empirical formulae given in Compton & Allison 
(1935) were used to calculate the mass absorption 
coefficient for Pu with Me K s  radiat ion.  The value of 
/~]Q obtained in this way was approximate ly  48. The 
linear absorpt ion coefficient of PuAI 3 is thus 258 
cm.-L Ult imately,  the absorpt ion was par t ia l ly  cor- 
rected for by the tempera ture- fac tor  parameters  in the 
least-squares refinement.  

Determinat ion  of the s tructure  

Quali tat ive examinat ion of the intensi ty da t a  enabled 
an approximate  s t ructure  to be found. The 001 reflec- 
tions are very strong for 1 = 6n and, al though un- 
quest ionably present,  are weak if 1 = 2n 4= 6n. (Run- 
nalls, 1953, 1956, observed 00l reflections only with 
1 = 6n.) The Pu atoms (at least) are therefore located 
in or nearly in layers not quite c/6 apar t .  The 1~{10 
reflections are present only for h = 3n, indicating tha t  
a t  least the Pu atoms are in layers a/3 apar t .  Reflec- 
tion (600) is about  as strong as (300), indicating tha t  
the AI atoms are probably in layers approximate ly  
a/6 apar t  with two-thirds of the A1 atoms in positions 
such tha t  they  scat ter  X-rays  with phases opposite 
to those scat tered by the Pu  atoms. From this informa- 
tion an approximate  model for the structure,  based on 
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P6s/mmc, was obtained, this ' ideal'  model being iden- 
tical with Runnal ls '  (1953, 1956) structure. The co- 
ordinates for this model are given in Table 1. Tha t  it is 

Table 1. Atomic positions for approximate structure 
of PuAla 

2Pu I in (b): +(0,0,¼) 
4eu 2 in (f): ±(½,~-,z; ½,~,½--z); z---- i~ 
6A11 in (h): ~(x, 2x, ¼; 2~,~,¼; x,~,¼); x----½ 

12Al 2 in (k): ±(x, 2x, z; 2.~,~,z; x,~,z; ~,2~,½+z; 
2x, x, ,~+z; ~, x, ~-+z); x = ~, z = ~ 

only an approximat ion to the correct s tructure is 
evident  from the fact t ha t  all OOl reflections with 
1 -- 2n were found to be present with the exception 
of (0,0,34). Fur ther  evidence of departure from the 
ideal model can be found in certain hO1 reflections, 
because the ideal model would require zero intensi ty  
for the following observed reflections: 30l with 
1 = l,  3 , . . . ,  15. The presence of these reflections 
indicates t ha t  the x parameters  of the A1 atoms are 
not  quite correct in the ideal model. 

The 001 reflections provide a means of calculating 
the z parameter  of the Pu 2 atoms. If  one assumes t ha t  
only the Pu atoms contr ibute appreciably to high- 
order reflections (e.g., for (0,0,36), the ratio of fp~, :fAl 
is approximate ly  20 : 1 wi thout  allowance for tempera- 
ture factors), the high-order 001 structure factors take 
the form 

F(OO1) = 2fpu( l+2 cos 2~IAI); 1 = 6 n ,  

F(OO1) = - 2 f p u ( 1 - c o s  2~l/1 + V3.sin 2~IA) ; 1 = 6 n + 2 ,  

F(OO1) = 2ft, u (1 -cos  2xlA-] /3 .s in  27d/1); l = 6 n - 2 ,  

where /1 is the change in the z parameter  from the 
ideal value of 1 .  Thus, if A is positive, the rat io 
F(O.O,6n)/F(O,O,6n+2) will decrease to un i ty  
and smaller, and if A is negative, the rat io 
F(O,O,6n)/F(O,O,6n-2) will do likewise. The former 
rat io becomes less t han  1 at  the pair  (0,0,36)(0,0,38). 
Wi th  this pair an approximate  value of A can be 
obtained, and thus one finds Zpu ~ ~ 0.088, or slightly 
greater t han  ~ .  

The A1 parameters  were found from an hO1 Fourier 
projection, the phases for which had been determined 
by the Pu atoms. The parameters  from the Fourier  
are given in Table 2. 

T~ble 2, Faram~tcr~ in Puhl 3 obtained from th~ 
hO.1 Fourier projection 

~g z 

Pu, 0 ¼ 
Pu 2 ½ 0.089 
A11 0.511 ¼ 
A12 0.833 0.082 

were used for Pu. A1 form factors were taken  from the 
Internationale Tabellen (1935). All observations were 
given equal weight and reflections with Fo = 0 were 
omitted.  

A satisfactory structure based on P6a/mmc had been 
deduced, but  the other possible space groups were not  
excluded. The first least-squares ref inement was there- 
fore made us!ng space group P62c. If this space group 
is used there are 2 Pu in 2(b), 4 Pu in 4(f),  6 A1 in 
6(h) and 12 AI in 12(i). If y = 2x for both kinds of 
A1, the symmet ry  is t ha t  of P6a/mmc. The scale factor, 
separate isotropic tempera ture  factors for Pu and A1 
and six atomic coordinates were refined simultaneously.  
All cross-product elements in the 9><9 matr ix  were 
included. The problem in this form would not  con- 
verge. The quanti t ies  ( y - 2x )  oscillated from plus to 
minus, and whenever ( y - 2x )  for one of the A1 a ores 
became small, unreal changes were observed in the x 
coordinate of t ha t  Al atom in the next  cycle. The 
large change occurred because for y "~ 2x, ~F/~x ~ O. 

The question arose whether  a problem of this type  
would converge if y were not  quite equal to 2x, 
provided the da ta  were very accurate. To answer this  
question, s tructure factors were calculated for the case 
y - 2 x  = 0"003 for both of the A1 atoms. These cal- 
culated structure factors were used as the observed 
ones in a least-squares refinement.  This artificial 
problem was found to converge. I t  was therefore con- 
cluded t ha t  within the accuracy of our data,  y = 2x 
for both Al atoms. 

The refinement of the structure in space group 
P6s/mmc was then  made. Seven parameters  were 
used, the atomic coordinates having been reduced to 
four by adopt ion of this space group. The problem 
quickly converged. Seven cycles were computed 
al though only three cycles were required to reduce all 
changes to less t han  their  s tandard  deviations. The 
final value of R was 10.9% with Fo = 0 omitted.  The 
final parameters  are listed in Table 3. The s tandard  

Table 3. Scale factor, temperature factors and atomic 
parameters obtained from the least-squares refinement of 

PuA13 

Using Using modified 
Thomas-Fermi Thomas-Fermi 

Parameter form factor for Pu form factor for Pu 

Scale factor* 0.0496 -4- 0.0005 0.0532 
Bpu (cm. 2) 0.572 ±0-031 × l0 -16 0-366× 10 -16 
BAl (cm. ~) 0'781 ±0'195× l0 -16 0'977× l0 -1G 
XAI2 0-8337 ± 0"0040 0"8335 
ZAI.. 0"0815 =h 0"0007 0"0816 
xAIl 0"5160 ± 0-0030 0.5156 
ZPu2 0"0892 4- 0-0001 0-0892 

* This scale factor is defined by Fo = KFc and is reciprocal 
to that usually used. 

L e a s t - s q u a r e s  r e f i n e m e n t  

All calculations for the least-squares refinement were 
performed on the Maniac. Thomas-Fermi  form factors 

deviations have been computed in the usual manner  
using the diagonal elements of the inverse matr ix.  
Table 4 gives the final set of observed and calculated 
structure factors. 
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Table 4. Calculated and observed hO.1 structure factors for PuAla 

oo.._._.~ ~ ~ ~ o ~  70_3. 
2 27 - 21 32 0 13 0 306 368 13 1]~ -~h7 27 h9 36 0 0 - 2 17 0 l 
k ~ -36 3~ 0 23 i 19 18 ~ 98 -121 26 88 88 I 56 -5~ 18 0 - 6 
6 ~ -6].1. 3h 76 - 76 2 19 - 17 15 131 -160 29 27 - 38 2 i~4 -IC~ 19 85 - 87 
8 76 ~9 35 h8 - h9 3 27 - 17 16 144 177 30 0 - 22 3 161 -1~3 20 40 49 

10 66 61 36 23 27 h 37 -3~ 17 0 - .8 31 77 - 73 4 122 11~ 21 69 - 75 
12 477 427 3~7 59 - 55 5 2~ 17 18 0 - 13 32 0 11 5 o - 25 22 97 - 97 

92 - 92 38 0 - ~ 6 ~ - ~ 7  19 131 126 33 32 - 16 6 0 0 23 0 16 
16 69 - 65 39 o - 6 7 22 - 15 20 89 78 3b, 68 - 67 7 63 76 2h 0 12 
18 286 -288 hO 37 55 8 68 6~ 21 102 106 35 ~9 39 8 ?6 82 25 ?5 ?3 
20 )22 lob 9 28 13 22 135 - ] h o  :]6 o 23 9 122 126 26 2S - 31 
22 66 60 2o..._.~ 10 60 63 2~ 0 - 18 37 52 53 l o  12~.-120 27 ~2 48 
2h 262 189 II IO -12 2h 0 20 11 0 - 3 28 ?h 78 
26 120 -103 0 0 - 2 12 262 251 25 98 -100 60.,~ 12 0 5 29 0 - 25 
28 6h - h8 1 185 192 13 3~ 11 26 ho - h6 13 82 - 8S 30 0 - 1 6  
30 120 118 2 320 -301 lb, 85 - 9 2  27 h9 - 63 0 320 3 ~  lh 53 - 58 31 6 0 -  ~7 
32 95 93 3 381 351 15 21 - 9 28 110 106 1 0 - 2 15 85 - 98 32 o - 19 
3~ o 3~ h 3~7 311 16 68 - 71 29 28 30 2 0 - 3 16 102 Iii 33 28 - 27 
3b ~o 71 5 165 129 17 0 8 30 27 - 23 3 0 2 
3~ 60 - 79 6 26 - 2 zO 179 -186 31 92 7~ . h 21 - 28 
~o 13 - 21 7 216 -196 19 o - 7 

8 228 222 20 93 105 
I o . ~  I~ ~ ~6~ -27o ~ 

o o o II 56 - 6 0  23 o - 5 
I ~ 1 - 1 3 ~  12 25 9 2~ 1o6 127 
2 2 3 0 - 2 ~  13 152 168 25 o h 
3 2-78 -261 ~ 127 -]]~ 26 9~ -103 
h 21,8 23~ 15 166 183 27 o -  h 
5 79 - 6 6  16 185 ~ 28 h9 - 53 
6 0 - h 17 0 11 29 0 3 
7 187 156 18 22 - 17 30 93 - 80 
8 1 ~  ~ 19 137 -]J.~.O 31 o - 3 
9 2 ~  19~ $0 93 9O 32 1oo 9~ 

lO 238 -2Ol 21 113 -11,8 33 0 2 
11 16 ? 22 ~.',5 -156 3/a 2~ "38  
12 20 II 23 h6 19 35 0 - 2 
13 176 - IJ~ 2h o 2~ 36 37 h6 
lh 92 - 86 25 l i b  lO9 37 0 2 
15 137 -131 26 63 - 52 38 65 - 80 
16 155 16~ 27 70 69 39 o - 2 
17 3O 27 28 99 116 

~2 - 18 29 28 33 ho.J~ 
19 13h 127 30 0 - 26 
2o 7~ 51 31 83 - 8o 0 0 - 6 
21 109 86 32 27 30 I 156 -I/~ 
22 154 -13~ 33 26 - 36 2 292 -223 
23 58 - h5 3k 79 - 85 3 27~ -267 
2~ 27 23 35 2~ 36 h 21~ 236 
25 116 -103 36 22 2"7 5 90 -1oo 
26 39 - 28 37 57 56 6 o 3 
27 63 - h9 ~ o - 17 ? 155 157 
28 121 103 39 0 15 8 160 17h 
29 70 50 9 20L~ 219 
30 28 - 26 10 188 -211 
31 8A 78 11 h3 49 

L~ 0 5 

32 26 27 5 0 - 2 
33 25 3h 6 316 -322 

90 - 78 7 0 1 
35 31 3~ 8 38 36 
36 0 25 9 0 - Z 
37 h6 - 53 10 h6 ~8 
38 o - 1 5  11 o 1 

12 L~6 267 
13 0 - 1 
1~ ~9 - 6 7  

o o - 3 15 o 1 
11o6 1o6 16 h 5 - 5 ~  
2 139 -131 17 0 - i 
3 152 ~0 18208-201 
h 11,2 ]J48 19 0 1 
5 58 66 20 78 76 
6 0 0 21 0 - 1 
? 11~ -127 22 49 51 
8 8 I  IOO 23 o 1 
91oz-121 ~h ~o ~o 

1 o 1 2 3 - ~ , 6  25 o -  z 
11 o - 2h 26 85 - 79 
12 o 6 27 o 1 
13 116 129 28 38 - h i  
~, 73 - 69 29 o o 
15 82 93 30 88 - 92 
16 119 13~ 31 o o 
17 o - 9 32 68 75 
18 0 - 13. 33 o o 
19 IOE -116 3~ 19 30 
20 .,~ h3 35 o o 
21 h? - 63 ~6 53 57 
22 107 -111 
2~ o 29 
2h o 19 
25 99 9~ 
26 o - 2~ 

17 0 2h 
18 0 - ii ~_~ 
19 69 82 
20 28 36 o 210 17~ 
21 70 68 1 0 11 
22 99 - 95 2 0 - 6 
23 28 - 37 3 o - lO 
2h o 16 ~ 0 - 17 
25 68 - 71 5 o 11 
26 o - 2O 6" 19h -167 
27 26 - h i  7 o - 1o 
28 73 77 8 o 3'1 
29 ~ h2 9 0 9 
30 0 - 19 I 0  0 3~ 
31 5~. 56 11 o -  9 
32 0 9 12 ~ 7  ~ 3  
33 0 21 13 0 9 
31~ 57 - 59 Ib  28 - 51 

i ~ - h ] .  15 O -  8 
16 28 - ~,2 

80.,_~ 17 0 8 
18 109 -I13 

o 0 - 9  19 o -  7 
I 1o6 ?8 20 68 63 

151 -119 21 o 6 
3 178 153 22 38 b2 
k 152 129 23 o -  6 
5 62 53 2~. 75 82 
6 o 7 25 o 5 
7 11o - 92 26 69 - 67 
8 1Ol 98 2? o- 5 
9 u , b - 1 3 ~  28 2o - )6  

lO 138 -127 29 o 5 
zz  2 7 - 2 5  30 5~-5~ 
12 o -  I Y l  o -  h 
13 87 95 
Ih 79 - 72 
15 109 106 
16 lO9 115 

J~ Vo F e ~ Fo F c 

0 0 - 8 0 162 I160 
1 8~- 6~ 1 0- J 
2 98 - 87 2 0 2 
3 120 -110 3 0 3 
4 Zzo 96 h O - Z 7  
5 h g - ~  5 o -  3 
6 o 6 6 ~ -136 
7 99 7~; ? 0 3 
8 85; 72 8 o 
9 I I 0  99 9 0 - 3 

I0 110 - 96 Io 0 27 
11 0 22 11 0 3 
12 0 - 2 12 126 119 
13 89- 78 13 0- 2 
I~ 63 - 55 ~h 23 - 28 
15 88 - 79 15 0 2 
16 107 ~9 Ib 31 - 32 
17 0- 3 17 0- 2 
18 o- ~) 18 9 1 -  97 
19 /:~ 73 19 o 2 
20 36 38 20 ho 38 
21 56 E;8 r,_ o -  2 
22 7 6 -  77 22 29 31 
23 0 - 11 

o 8 13, o, ~. 
25 66 - 62 
26 19 - 2L. o o o 
2? 3 1 - 3 8  I 2 3 - 2 7  

5S 6~ ~ h 7 -  h9 
29 0 19 3 $7 - 65 

h 5]. 55 
ll#O.~ 5 0 - 

6 0 0 
o o -  2 ? 31 37 
I 57 h9 8 31 39 
2 6 9 -  61, 9 h3 59 
3 85 70 10 h? - 58 
]~ 80 72 11 o l 
5 28 32 12 o 3 
6 0 1 13 38 - h3 
? 69 - 62 ]h 32 - 29 
8 56 ~ '15 h 3 - h 8  
9 6 8 - 6 3  16 b,9 56 

IO 78 - 75 17 o 11 
lz o - z3 18 o - 6 
12 0 2 
13 6~; 67 lh ,0 .  J~ 
lb. 37 - 37 
15 52 50 0 0 -  6 
16 72 72 I 18 31 
17 0 - h 2 36 - h8 
18 0- 7 3 53 67 
19 7 o - 6 h  h ~3 ~;3 
20 o 2h 5 o 20 
21 3O - 35 6 0 5 
22 64 - 6~ ? 28 - 39 
~3 0 16 8 27 bO 
2h 0 10 9 52 - 61 
2!; ~5 57 zo h 5 - 5 5  
26 0 - lh  11 o - 9 
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The L absorption edge of Pu is at a wave-length 
shorter than  Mo K s  radiation, so a correction in the 
Pu form factors is required. The amount  of this correc- 
tion is unknown but  it should be about the same 
magni tude as tha t  applied to uran ium when using 
Cu K s  radiation, i.e., approximate ly  5.6 electrons. 
The seven-parameter  least-squares problem was there- 
fore repeated using the Thomas-Fermi  Pu form factors 
reduced by 5.6 electrons. This calculation led to essen- 
¢ially the same atomic positions and only the scale 
and temperature  factors were changed. The final value 
of R in this calculation was 11.0%. The new para- 
meters are also listed in Table 3. 

Because of the good agreement between observed 
and calculated structure factors which had been ob- 
tained, space group P6mc was not considered further. 
If the structure should indeed be in this space group, 
it probably approaches P6a/mmc so closely tha t  our 
data  would not be able to distinguish between the two 
space groups. 

Since this work was done, Ibers (1956) has shown 
how the least-squares method can be applied to struc- 
tures with atoms near special positions of a space group 

of higher symmet ry .  This method was not applied 
because the agreement index was already as low as one 
could reasonably expect, and an unambiguous distinc- 
tion between the space groups based on structure- 
factor agreement would be very unlikely. 

D i s c u s s i o n  of the  s t ruc ture  

A drawing of the ' ideal '  s tructure is shown in Fig. 1. 
This is a new structure type for an M X  a compound. 
I t  is made up of layers of composition PuA] a. I t  can 
be described as an ordered rearrangement  of the 
stacking of the layers in the UA] 3 cubic close-packed 
structure (Rundle & Wilson, 1949). If one does not 
dist inguish between U and A1 atoms this s tructure 
consists of close-packed planes parallel to the (l 1 l) 
plane with packing sequence A B C A  B C . . . .  In  PuA] a 
the corresponding stacking sequence in the c direction 
is A B C A C B A . . . ,  which can be described as the 
UAI 3 structure with a mirror inserted in every third 
layer, the mirror causing an inversion of the order of 
the B and C layers. This stacking sequence is a type 
of hexagonal  close packing having c/a three t imes tha t  

31"  
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Pu 

Fig. 1. The 'ideal' :PuA1 a Structure. (Diagram reproduced 
with the permission of Runnalls, 1956.) 

characterist ic of the usual form of hexagonal  close 
packing. Because ze~ is greater  than  ~½, the 
separat ion of the planes of Pu atoms in the A and C 
layers is less than  c/12 while separat ion of the planes 

Table 5. Interatomic distances in PuA1 a 

Pul-A11 (6) 3.055:t:0-021 A All 6 bonds are coplanar 
Pul-A1 ~ (6) 3.007±0-030 Trigonal prism coordination 

about Pu 1 
Pu2-AI. z (6) 3.052±0.030 The 6 AI are coplanar but their 

plane is 0.11 A from Pu 2 

Pu2-A12 (3) 3-033±0"030 [ These six AI form a distorted 
octahedron, or a trigonal 

Pu2-A11 (3) 3-02110.021 J antiprism, about the Pu 2 

All-A11 (2) 2-758±0-030 
All-A11 (2) 3.342±0.030 / All 6 bonds are coplanar 
All-Pu 1 (2) 3.055±0.021 

All-A1 ~ (4) 2-963±0.037 ~ Trigonal prism coordination 
All-PU. z (2) 3.021±0.021 ~ aboutA11 

A12-A1 z (4) 3.054~-0.042 Four coplanar A1-Al bonds 
Ale-Pu 2 (2) 3.052±0.030 Two Al-Pu bonds slightly out 

of this plane 

Al2-A11 (2) 2.961±0.037 | Six atoms form a distorted 
Al.)-Al., (2) 2.941±0-042 / octahedron, or a trigonal 
Al2-Pu 1 (2) 3.0075-0.030 antiprism, about the Al 2 

of Pu a toms in the B and C layers is greater  than  c/12. 
The reverse s i tuat ion holds for the A1 e a toms because 
zAl~ is less than  ~ .  

The interatomic distances are given in Table 5. 
The coordination number  of all a toms is twelve. The 
Pu atoms have twelve A1 neighbors and the A1 atoms 
have  eight Al and four Pu neighbors. 

The Pu 1 and A11 atoms each have six neighbors in 
the mirror plane and three above and three below 
forming a trigonal prism. The Pu 2 and A1 e a toms have 
six neighbors forming a nearly coplanar a r rangement  
and three above and three below forming a tr igonal 
ant ipr ism or distorted octahedron. 

The Pu~ atoms are slightly displaced from the plane 
of the six A12 atoms, probably  because of the relative 
size of the atoms, the  Pu  a tom being slightly larger 
than  the AI atom. The Pu 2 a tom thus  causes a spread- 
ing apa r t  of the three Alx a toms above. This spreading 
apar t  of the three AI~ atoms causes three other  AI~ 
atoms to approach each other ra ther  closely at  a dis- 
tance of 2.76 A. This A1-A1 distance is somewhat  
shorter  t han  tha t  found in A1 metal  (2.86 A) but  is 
similar to the distance found by Runnalls  (1956) in 
PuAl~ (2.77 A). 
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valuable advice during the course of this work and for 
assisting in the prepara t ion of the manuscr ipt .  We 
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for preparing the specimens. 
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