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Alpha plutonium is monoclinie with 16 atoms in the unit cell which at  21 °C has dimensions 

a=6.183,  b=4.822, c=10.963.£.; fl=101.79 °. 

The space group is P2~/m, and all atoms lie in reflection planes. 
The atomic position parameters have been determined to a precision of 0.03 /L Six of the eight 

kinds of plutonium atom form four short bonds of length 2.57-2.78/~ and ten long bonds of length 
3.19-3.71 /L Five short and seven long bonds are formed by the seventh plutonium atom, and 
three short and thirteen long bonds by the eighth atom. 

I n t r o d u c t i o n  

Alpha p lu ton ium is the  designation used for the 
room- tempera ture  form of the  element.  The phase is 
s table up to 122 °C, where i t  t ransforms  to the  mono- 
clinic be ta  modification. No evidence of a phase 
change a t  low t empera tu res  has been found. 

Several  years  ago we repor ted the  pre l iminary  
findings of a crysta l  s t ruc ture  invest igat ion of a lpha  
p lu tonium meta l  (Zachariasen & Ellinger,  1957). 
Our subsequent  work has led to bu t  minor  revisions 
of the  original results,  and  in this paper  we give a 
final account  of our s tudy.  

* Work done under the auspices of the U.S. Atomic Energy 
Commission. 
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Because of the low s y m m e t r y  of a lpha  p lu tonium 
and because the  s t ruc ture  had  to be deduced ent i re ly  
f rom X - r a y  powder diff ract ion da ta ,  we have deemed 
it  advisable to describe in some detai l  the  var ious  
steps in the  invest igat ion.  Considerable space is 
required to give a convincing account  of the  procedure 
used to index the  diffract ion pa t te rn .  This step of 
our s tudy  is therefore described in a separa te  com- 
panion art icle (Zachariasen, 1963). 

T h e  e x p e r i m e n t a l  d a t a  

All diffract ion pa t t e rns  on which the  s t ruc ture  
de te rmina t ion  was based were t a k e n  wi th  Cu K ~  
radiat ion.  The meta l  was of 99-9% p u r i t y  wi th  an  

I:E -1;--., 
112  ~ "  . J 

Fig. 1. A typical diffraetometer trace in the range 30 ° < 20 < 40 °. The weak line at 20 = 38.15 ° is due to the incident beam hitting 
the aluminum frame in which the specimen was held. The calculated positions for all possible diffraction lines are shown. 
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T a b l e  1. Diffraction data 
(sin ~ 0 < 0.320) 

HKL 10~sin 2 0 In tens~y 

calc. obs. obs. calc. 
001 515 0 1.7 
100 1619 0 0.4 
10T 1761 0 0.3 
002 2061 0 0 
101 2507 0 0.7 
010 2551 0 0 
102 2933 0 1.4 
011 3066 0 2.8 
110 4170 0 1.0 
l i t  4312 0 3.9 
102 4427 0 1.0 
012 4612} { 5.8 
003 4637 4637 7 1.3 
111 5058 0 2.4 
103 5136 0 0 
113 5484 0 3.3 
201 6245 6261 7 6-8 
200 6477 6482 4 2.2 
112 6978 6981 27 33-7 
202 7045 7043 7 6"8 
013 7188 7187 56 56.3 
103 7376 7377 13 16.6 
113 7687 7690 122 128.7 
201 7739 7737 64 64.9 
004 8243 8244 105 98.4 
10~ 8369 ? 0.2 
211 8796 8804 12 13.9 
203 8874 8878 152 142.1 
210 9028 9032 15 11.3 
213 9596 9601 11 11.6 
113 9927 9922 12 10.7 
202 10031 < 6 1.1 
020 10204 10211 246 270.6 
211 10290 10290 284 301.4 
021 10719 0 0.2 
014 10794 10794 121 105.6 
114 10920 10924 86 72.6 
104 11355 11352 ]5 14.6 
213 11425 11425 42 39-2 
204 11734 11737 8 7.7 
120 11823 0 0 
12T 11965 0 0 
022 12265 0 0 
212 12582 12582} { 1 8 . 4  
10B 12632 12628 25 8.4 
121 12711 0 0"1 
005 12880 0 0-8 
123 13137 0 0"4 
203 13354 0 1-5 
114 13906 13900} { 13-2 
301 13969 13961 10 3-7 
214 ]4285 0? 0 
303 14395 14399 37 36.0 
30.0 14574 14583 5 3.2 
122 14631 0 0.4 
023 14841 0 0.6 
l i b  15183 0 2.1 
123 15340 0 0 
015 15431 15431 5 2-5 
20B 15624 15633 13 7.5 
303 15851} { 6-6 
213 15905 15869 16 4.1 
301 16209 16208 13 3-6 
105 16366 16362 16 10.8 
221 16449 ? 3.4 
311 16520 16518 13 5"4 
220 16681 0 1.2 
313 16946 16954 19 18.0 

HKL 105sin 2 0 Intensi ty  

calc. obs. obs. calc. 
310 0.17125 17125 13 11.4 
223 17249 17257 6 3-9 
123 17580 17594 7 5.6 
204 17706 17701 17 19.9 
106 17926} { 2.3 
221 17943 17948 39 38-1 
215 18175 18169 12 l l-1 
304 18337 ? 0.5 
313 18402 ? 1.4 
024 18447 18446 70 60-2 
006 18547 ? 6.1 
124 18573 ? 0 
311 18760 18758 3 0.6 
302 18875} { 0-3 
115 18917 18923 6 2-2 
225 19078 19079 95 91-2 
222 20235 / { 0 . 8  
214 20257 20259 31 29-3 
116 20477}  { 1-3 
206 20544 20547 8 2-5 
314 20888 < 4 0-8 
016 21098 21086 17 10-1 
312 21426 07 0.8 
124 21559 21558 16 10.8 
30B 21854 0? 0 
224 21938 21932 10 5-7 
106 22406 07 0.3 
303 22571 22563 8 5.0 
125 22836 22842 11 6.6 
030 22960 0 0 
025 23084 } { 0.6 
205 23090 23091 12 0.5 
21~ 23095 6.8 
031 23475 0 0.2 
223 23558 0 1-1 
321 24173}  24233 4 { 3.1 
107 24251 1.8 
315 24405 24405 10 6.1 
130 24579}  { 0 
323 24599 24601 36 30-6 
131 24721 ? 0 
320 24778 ? 2.6 
401 24931 } { 0.4 
116 24957 24940 8 4.0 
403 24984 0.2 
032 25021 02 0.5 
313 25122}  { 0 . 7  
007 25245 25228 6 2-9 
131 25467 0 0.3 
215 25641 25630 21 25.2 
225 25828 25829 11 6-6 
133 25893 ? 0-3 
400 25909 ? 1.6 
323 26055}  { 5.9 
403 26066 26073 9 O.8 
306 26402 } { 5-3 
321 26413 26488 8 3-3 
207 26496 2.2 
125 26570 26573 14 9.8 
117 26802 26797 21 20.7 
304 27297 0? 0-6 
132 27387 0? 4-3 
411 27482 } { 21-1 
413 27535 27526 52 35"0 
033 27597 7"4 
017 27796 27783 45 41.1 
224 2 7 9 1 0 } 2 7 9 0 9  30 { 1 8 . 9  
401 27917 1.2 
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H K L  105 sin~ 0 Intensity 

cMo. obs. obs. talc. 

12g 28130 2.I 
404 28179 0? 0.7 
410 28460 0? 3-0 
324 28541 0 0.4 
413 28617 28624 6 0"5 
026 28751 28759 10 5-8 
316 28953 28957 55 45.8 
217 29047 ? 2.1 
322 29079 ? 0.3 
23I 29205 ? 2.1 
230 29437 0 1.9 
107 29477 0 0.7 
206 29504 0 0.7 

Tab le  1 (cont.) 

H K L  105 sin 9" 0 Intensity 

talc. obs. obs. tale. 
314 29848 29839 12 15.2 
23~ 3OO05 ? 2.0 
133 30336 0 1.9 
411 30468 30479 7 1.3 
231 30699 30705 61 53.5 
414 30730 ? 3"1 
226 30748 ? 2.7 
402 30956 ? 1.6 
034 31203 31213 24 19.4 
405 31323} 31319 17 { 0 
134 31329 13.5 
lOg 31605 ? 2.4 
233 31834 31838 12 7-9 

Tab le  2. Diffraction data 
(0.320 < sin ~ 0 < 0.600) 

104sin 2 0 lmtensity 

H K L  cMc. obs. obs. calc. 
323 3278 3277 4 5.6 

305 3305 3.5 

} { 412 3351 20.9 
118 3416 3414 4 2.5 
134 3432 } { 3.2 
127 3446 3445 8 2.0 
317 3453 4.4 
403 3503 3501 4 4.6 
027 3545 ~ 355I 11 ] 3.3 
018 3552 J [ 5.0 
326 3661 } 3664 11 { 6.5 
227 3670 2.8 
332 3736 3736 5 5.1 
330 3753 } { 3.7 
413 3758 3755 8 1.4 
108 3758 1.9 
235 3858 3859 4 3.3 
501 3913 3913 8 7.2 
118 4013 4.2 
234 4067} 4083 4 4 / 9 " 8  
040 4082 31.6 
036 4151 4152 5 3.5 
511 4168 } 4172 9 { 7.8 
128 4181 3.1 
501 4287 3.5 

325 4326 4.6 
236 4350 4351 4 2.5 
228 4368 4365 5 4-0 

219 4404 10.5 

511 4542 4541 28 3.5 
208 4542 19-9 

104 sln2 0 Intensity 

H K L  talc. obs. obs. calc. 
235 4605 4606 10 10.5 

405 4626 10.8 
137 4721 4716 11 8"9 
128 4778 } { 2"8 
431 4789 4792 25 9"4 
43~ 4794 15"6 
037 4821 4818 24 18"5 
241 4856 4851 11 8"3 
319 4878 } { 6.4 
415 4881 4879 25 2.8 
512 4883 10.8 
044 4906 4906 21 13.4 
521 4934 } { 10"3 
33___6 4936 4936 40 21.6 

1,0,10 4941 8.5 
243 4969 4966 26 21.1 
334 5026 5026 10 7.4 

144 5217 5216 4 3.0 
521 5307 } 5306 8 { 5.5 

2,1,10 5308 5.3 
432 5392 5391 13 10.8 
525 5423 5424 34 37.0 
342 5521 5521 13 9-8 
228 5563 5558 32 32.1 
329 5643 } { 10.3 
245 5644 5642 34 2.3 
425 5646 17.6 
428 5714} { 3.9 
145 5718 5712 7 3.5 

3,1,10 5745 5740 8 5.3 
600 5830 5829 5 4.0 
244 5852 5848 7 7.3 
611 5912 3.2 

1,2,10 5961 5958 13 14.5 

isotopic  compos i t ion  cor responding  to  a n  a tomic  
we igh t  of 239.05. 

N u m e r o u s  p h o t o g r a p h i c  p a t t e r n s  were m a d e  f rom 
samples  of m e t a l  f i l ings,  b u t  recordings  p r epa red  w i t h  
a Ph i l ips  d i f f r a c tome te r  p r o v e d  more  useful .  Meta l  
b u t t o n s  w i th  e lec t ropol i shed  surface of 1½ em d i a m e t e r  
se rved  as samples  for  t he  d i f f r a c t o m e t e r  da ta .  The  
p a t t e r n s  w i t h  t he  g rea tes t  r e so lu t ion  were o b t a i n e d  

w h e n  the  po l i shed  surface layers  of t he  m e t a l  were 
r e m o v e d  b y  r e p e a t e d  e tching.  The  q u a l i t y  of t he  d a t a  
is i l l u s t r a t e d  in  Fig.  1, which  shows a n  u n r e t o u c h e d  
r ep roduc t i on  of t he  d i f f r ac t ion  p a t t e r n  for the  r ange  
30 ° < 20 < 40 °. I t  is seen t h a t  d i f f r ac t ion  l ines of 
comparab le  i n t e n s i t y  are  resolved when  the  g lanc ing  
angles  differ  b y  as l i t t l e  as 0.05 °, a n d  t h a t  t he  c~1c~2 
doub l e t  begins  to  resolve in to  two  peaks  a t  O= 18 °. 
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For the angular range shown in Fig. 1 the scattering 
angles could be measured to better than 0.01 ° and 
hence the max/mum error in the experimental values 
of sin~ 0 is 5 × 10 -5. In order to get enough intensity 
at larger scattering angles it was necessary to use 
wider slits with a corresponding loss of resolution. 
Altogether about 165 c~l-lines could be measured in 
the pattern. 

The coefficients of thermal expansion were deter- 
mined from photographic data in the back reflection 
region. In these experiments the plutonium filings 
were mixed with powdered silver of high purity. 
The silver diffraction lines were used to find the 
correction curve for the measured glancing angles due 
to finite sample size and absorption. 

Only insignificant variations in intensity caused by 
preferred orientation were noted. Plutonium oxidizes 
readily, and in spite of precautions it was difficult to 
avoid oxide formation on the surface. Accordingly, 
weak and diffuse oxide lines were frequently observed. 

The unit ce l l  

All attempts to index the diffraction pattern on the 
basis of orthorhomhic and higher symmetry failed. 
The companion article describes in detail how the 
diffraction pattern was indexed in accordance with 
monoclinic symmetry, and the results of the indexing 
are shown in the accompanying tables. 

In the diffraction pattern of alpha plutonium taken 
with Cu Ka radiation are more than 900 possible 

Table 3. Diffraction data 
Back reflection region 
104 sin 2 0 Intensity 

H K L  calc. obs. obs. calc. 

248 8624 8620 95 102 
255 8687 ~ 8685 } { 27 
34~ 8704 / 34 
44~ 8707 8705 210 58 

3,0,13 8708 61 

354 9108 9102 80 31 
708 9141 9141 70 45 
703 9 1 8 2 }  { 3 8  
060 9184 9184 180 89 
616 9283 9283 80 64 
45~ 9 4 7 3 }  9479 150 { 55 

5,1,12 9483 98 
3,2,13 9729 9729 300 263 

diffraction lines. A great many of these are too weak 
to be observed, and many lines are superimposed. 

All possible reflections in the range sin 20 _< 0.320 are 
listed in Table 1 together with those actually observed. 
Table 2 covers the range 0-320 _< sin e 0 _< 0.600; but 
all diffraction lines with small calculated intensity 
have been omitted. Data for the strongest diffraction 
lines (as calculated) in the back reflection region are 
given in Table 3. The results of measurements of 
selected strong lines in the back reflection area at 
different temperatures are shown in Table 4. 

The unit cell dimensions as deduced from the data 
of Table 4 are listed in Table 5. The measured density 

Table 4. Thermal expansion data 
104 sin S 0 

21 °C 51 °C 96 °C 104 °C 
^ ~ ~ ^ 

H K L  calc. obs. ealc. obs. calc. obs. ealc. obs. 

419 8363 8364 8341 8343 8307 8308 8297 8297 
545 8485 8485 8458 8459 8408 8406 8397 8395 
248 8623 8620 8599 8599 8556 8550* 8544 8543* 
70~ 9141 9141 9115 9116 9072| 9067| 
703 9182~ 9152~ 9101~ 9099 9090~ 9077 
060 9184j 9184 9153j 9152 9090j 9071j 
616 9283 9283 9254 9254 9208 9207 9196 9193 
452 9473~ 9441~ 9381 9376 9364 9365 

5,1,1~ 9483J 9479 9461J 9461 9428 9427 9424 9422 
3,2,13 9729 9729 9709 9708 9677 9678 9672 9672 

640 9911 9878 9817 9817 9802 9802 

* Coincidence wi th  silver line. 

Table 5. Cell dimensions (•) and 
calculated densities (g.cm-a) 

21 °C 51 °C 96 °C 104 °C 
6"183_+0.001 6.194 6.211 6.214 
4.822-+ 0-001 4.831 4.847 4.852 

10"963_+ 0.001 10.973 10.987 10.989 

101.79_+ 0.01 ° 101.78 ° 101.77 ° 101.75 ° 
19.86_+0.01 19.77 19.62 19-59 

of 19.77 g.cm-a corresponds to 16 plutonium atoms 
per unit cell. The calculated densities with this cell 
content are also shown in Table 5. 

The experimental results for the linear coefficients 
of thermal expansion in the temperature range 
21-104 °C are presented in Table 6. The symbols 
~a, ~b, ac are the linear coefficients in the directions 
of the crystallographic axes while A denotes the 

Table 6. Expansion coefficients 
( × 106) 

Mean 
21°-51 ° 21o_96 ° 21o_104 ° 21°_100 ° 

aa 59 60 60 60 _+ l 
ab 57 69 75 72 + 3 
ac 30 29 29 29 _+ 1 
A - -6  --5 --8 - - 7 + 2  
31 - -  - -  - -  62 _+ 1 

a~. - -  - -  - -  72 + 3 
aa - -  - -  - -  29--+ 1 

- -  - -  - -  13___2 



W.H. ZACHARIASEN AND F.H. ELLINGER 

0'75 0"50 0"25 
\ ~ < - - - z  

781 

075  

l 
l 

Fig. 2. The generalized projection ~(1 + sin 2zry)dy as evaluated on XRAC. 
0 

change in angle fl (measured in radians) per degree 
rise in temperature .  These quanti t ies are related to 
the principal coefficients al ,  a~, a3 and the angle 
describing the orientat ion of the tensor ellipsoid by  
the equations (see Zachariasen & Ellinger, 1959) 

a l -  aa = - A/sin fl cos ( 2 ~ -  fl) 

tan (2cf-- fl)=(OCa-- Occ)/A 
al+~Xa=aa+ac+A cotan fl (1) 

where q is the angle between the x-axis of the principal 
tensor ellipsoid and the  crystal lographic a-axis mea- 
sured in the obtuse angle ft. I t  is seen t h a t  the direc- 
tion of minimum expansion (~3) is near ly  parallel  to 
the c-axis. 

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

No systematic  absences occur for reflections (HOL) 
and (HKL). Reflections (010), (030), (050) are not  
present, suggesting a screw axis along Y; but  the 
evidence is not conclusive in view of the  m a n y  ac- 
cidental absences. 

The da ta  of Tables 1-3 show t h a t  the condition 
]FHI,:L[/f: [.Fg, K+2,LI/f is fulfilled for any  set H, K, L, 
and tha t  the reflections (020), (040), (060) are ex- 
ceptionally strong. These observations require the  
space group to be P21/m with all a toms lying in the 
reflection planes" _+ (x, ¼, z). 

Approximate  values for the sixteen position param-  
eters of the s t ructure  were deduced by  means of the 
probable val idi ty  of the relation (see Zachariasen,  
1952a) 

Sn+u, = SHS~, (2) 

for strong reflections (where the symbol S denotes 
the s t ructure  factor  sign). 

:Because of the relat ion 

.FHKL/f ---- -- FH, K+2, L/f (3) 

it  was sufficient to consider reflections (HOL) and 
(HIL) .  Wi thout  loss of general i ty  the s t ruc ture  factor  
signs for the three strong reflections (205), (211), (505) 
were assumed to be positive. By  applicat ion of 
equat ion (2) it  was possible to determine uniquely the 
ampl i tude signs for 41 strong reflections while the 
signs for an addit ional  set of 10 strong reflections 
could be expressed in terms of the symbol b. The 
results of these considerations are given in Table 7. 

Table 7. Amplitude signs 
HOL sign H1L sign H1L sign 
004 -- 013 + 314 b 

0,0,10 --b 014 + 413 + 
0,0,11 + 017 -- 411 --b 
1 , 0 , 1 0  -}- 0 , 1 , 1 1  + 4 1 2  - 

104  -- 117 + 419 + 
105 b 117~ b* 5,1,1-2 + 
205 b 113 -- 519 -- 
203 +* 1,1,11 + 518 -- 
201 -- 2,1,1-0 + 511 + 
204 -- 219 --b 512 -- 
208 + 213 -- 616 + 

3,0,13 + 211 +* 714 + 
303 + 214 - -  7 1 0  - -  
4 0 3  b 215 - -  
5 0 9  -- 3,1,1-O + 
5 0 5  +* 319 + 
501 -- 317 b 
60O b 31~ - -  
7 0 8  + 3 1 3  -b 

* Sign assumed. 



782 T H E  C R Y S T A L  S T R U C T U R E  OF  A L P H A  P L U T O N I U M  M E T A L  

5Text, generalized Fourier syntheses 

!' 
0 ~ (I + sin 2~y) dy (4) 

were evaluated using the signs from Table 7, setting 
first b = + I  and then b = - l .  The Fourier terms 
involving the symbol b, being fewer in number and 
smal ler  i~l magn i tude ,  h a d  on ly  a m o d u l a t i n g  effect  
on the  pro jec t ion .  However ,  i t  was i m m e d i a t e l y  
a p p a r e n t  t h a t  b= + 1 was t he  correct  choice, for i t  
gave  an  e lec t ron  d i s t r i bu t ion  w i t h  t he  r equ i r ed  
n u m b e r  of e igh t  m a x i m a  of nea r ly  equa l  dens i ty .  

The a p p r o x i m a t e  a tomic  posi t ions  hav ing  been  
found,  add i t i ona l  Four i e r  t e r m s  could be inc luded  
a n d  successive a p p r o x i m a t i o n s  made .  Fig. 2 shows t he  
X g A C  p h o t o g r a p h  of t he  f inal  genera l i zed  e l ec t ron  
pro jec t ion .  The  coord ina tes  d e d u c e d  f rom th is  Four ie r  
syn thes i s  are those  r e p o r t e d  in  our  p r e l i m i n a r y  com- 
mun ica t i on .  

Since t h e  genera l ized  Four i e r  syn theses  u t i l i zed  
on ly  a smal l  n u m b e r  of t e r m s  (41 HOL t e r m s  and  
53 H1L t e rms) ,  i t  was to  be e x p e c t e d  t h a t  t he  least-  
square  m e t h o d  of r e f i n e m e n t  wou ld  give b e t t e r  
pos i t ion  pa ramete r s .  

The  l eas t - square  r e f i n e m e n t s  were  m a d e  b y  us ing  
t he  B u s i n g - L e v i  IBM-704 program.  The  Four i e r  
resul ts  se rved  as s t a r t ing  point ,  and  an  isotropic  
t e m p e r a t u r e  fac tor  B----0.2 _~2 was a s sumed  and  no t  
va r i ed  in  the  course of t he  r e f inemen t .  For  the  f - cu rve  
of p l u t o n i u m  the  effect ive sca t te r ing  power,  f ,  was 
t a k e n  to  be 

f =[(fo- A')e+ A"2]½ (5) 

where  f0 is t he  F e r m i - T h o m a s  va lue  (Thomas,  U m e d a  
& King,  1958) and  A'  and  A" ,  t he  empi r ica l  d ispers ion  
correct ions  r e p o r t e d  by  Roof  (1961). The  r e f i nemen t s  
(based on  97 ref lect ions  for which  the  s t ruc tu re  
factors  could be re l i ab ly  measured)  gave  R = 0.07 and  
the  p a r a m e t e r  values  l i s ted  in  Table  8. The  re l iab i l i ty  
fac tor  a n d  s t a n d a r d  errors are as low as the  qua l i t y  
of t he  d a t a  just if ies .  

Table 8. P o s i t i o n  p a r a m e t e r s  f r o m  
leas t -square  r e f i n e m e n t  

Atom type x z 
I 0.345_+0.004 0.162_+0.002 
II 0.767_+0.004 0.168_+0.002 
I I I  0.128_+0.004 0.340_+0.003 
IV 0'657 _+ 0'005 0'457 _+ 0'003 
V 0.025_+0.005 0.618+0.003 
VI 0.473 _+ 0.004 0.653 _+ 0.002 
VII 0.328 _+ 0.004 0.926 _+ 0.002 
VIII  0.869 _+ 0.004 0.894 _+ 0.002 

The last columns of Tables 1-3 give the intensities 
as calculated from the structure by the relation 

I oc PlFlZ(1 + cosZ 20)/sin e 0 cos 0 . (6) 

I t  should be emphasized that  Tables 2 and 3 include 
all observed ~-lines in the pertinent angular ranges 

and all reflections with appreciable calculated inten- 
sity. 

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

The structure as viewed along the b-axis is shown in 
Fig. 3. The atoms are arranged in pseudo-hexagonal 
layers normal to the b-axis and 2.411 /~_ apart. Each 
atom forms six bonds with atoms in the same reflec- 
tion plane and six to ten bonds with atoms of adjacent 
layers. The distortion from hexagonal configuration 
in the reflection plane is so great that the bond lengths 
in this plane range from 2.57 to 3.71 /~. 

. . . . .  . . . . .  

\ 12.78 w ( v,io, 
. .2, /2.72 "°°  .76 

'~ 2 "74 : 

~___ _'T_v_) ! t _ _ 2 :_6_6-~ . . . . .  _F  ~v_ _ ~  . . . . . . . . . .  ] 

Fig. 3. Projection of the structure on the (010) plane. Filled 
circles represent atoms at y = ¼, open circles atoms at y = -- ¼. 
Only the short bonds are indicated in the projection. 

Table 9 lists all individual bond distances. Because 
other interatomic distances exceed 4 A, the value of 
3.71 A is quite well defined as the extreme radius 
for the first coordination sphere. I t  is seen from 
Table 9 that  the various bonds fall naturally into 

Table 9. I n d i v i d u a l  bond 

I II  
^ 

VII 2"57 i 2"60 
III 2.58 III  2.61 
II 2.60 VII 2-64* 
VIII  2.76* VIII 3-19 
VI 3"21" IV 3.37 
IV 3.41 VII 3"39 
VII 3.42* V 3.42* 
II 3"59 VIII  3"46* 
VIII 3"71 I 3"59 

VI 3.62* 

VI 

IV 2.58 IV 2.64 
III  2.66* V 2-72 
VI 2.72 IV 2.74* 
lIE 3.24 I 3.21" 
IV 3"32* VIII  3.21 
VIII  3"36 VII 3"30 
II 3.42* III  3"44* 
V 3"50* V 3-51 
VI 3"51 II  3.62* 
VII 3.51 III  3.65 

* Denotes two 
planes). 

lengths  ( t~ ) 

I I I  IV 
, ^ 

I 2"58 V 2"58 
II 2-61 VI 2"64 
V 2" 66* VI 2" 74* 
V 3"24 III  3"26 
IV 3"26 III  3-26* 
IV 3"26* V 3-32* 
IV 3"42 IV 3"35* 
VI 3-44* II 3-37 
VIII 3"52* I 3"41 
VI 3-65 III  3'42 

VII VIII  
^ 

I 2.57 I 2.76* 
II 2.64* VII 2.78 
VIII  2.78 II 3.19 
VI 3-30 VI 3"21 
II 3"39 V 3"36 
VII 3"40* VII 3"44 
I 3"42* II  3"46* 
VIII  3"44 VII 3"48* 
VIII  3"48* VIII  3"50* 
V 3"51 I I I  3"52* 

I 3"71 

bonds (with atoms lying in adjacent reflection 
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two groups: 'short' bonds of length 2.57-2.78 J~ and 
'long' bonds of length 3.19-3.71 A. The distribution 
of the bonds among the two groups for the eight 
distinct kinds of plutonium atoms is shown in Table 10. 

Table 10. 'Short' and 'long' bonds (1~) 

A t o m  Shor t  bonds  Long  bonds  
t y p e  No. Range  No. Range  

I 5 2-57-2.76 7 3.21-3"71 
I I  4 2.60-2.64 10 3"19-3"62 
I I I  4 2-58-2.66 10 3.24-3.65 
IV 4 2.58-2.74 10 3.26-3.42 
V 4 2-58-2.72 10 3.24-3.51 
VI  4 2.64-2.74 10 3.21-3.65 
V I I  4 2.57-2.78 10 3.30-3.51 
V I I I  3 2.76-2.78 13 3-19-3.71 

All bonds  
Mean 

No. length  

12 3.10 
14 3.21 
14 3.18 
14 3.13 
14 3.19 
14 3.22 
14 3.15 
16 3.32 

Similar well defined short chemical bonds, pre- 
sumably of covalent nature, have previously been 
observed for other heavy metals. J_a the a-uranium 
structure (Jacob & Warren, 1937) there are four 
short bonds of length 2.76-2.82 X. Four short bonds, 
2.60-2.64 A long, were also found in the structure of 
a-neptunium (Zachariasen, 1952b), and there are 
four short bonds of length 2.72 J~ in fl-neptunium 
(Zachariasen, 1952c). 

The five short bonds formed by Pu(I) are directed 
approximately towards the corners of a trigonal 
bipyramid, the three short bonds of Pu(VIII) ap- 
proximately towards the corners of an equilateral 
triangle. As seen from Fig. 3, the four short bonds 
formed by atoms IX-VII tend to lie within one 
hemisphere, and this is true also for the four short 
bonds in the uranium and neptunium structures. 

The total numbers of bonds (short and long) formed 
are 12 for Pu(I), 16 for Pu(VIII) and 14 for the six 
other types of plutonium atoms, and the mean bond 
lengths are respectively 3.10, 3.32 and 3.18 ~. When 
corrections are made for the effect of coordination 
number, these values give 1.58 2r for the metallic 
radius of plutonium in the s-phase. As has been 
discussed in detail in another publication (Zachariasen, 
1961), the plutonium radius is appreciably smaller in 
the c~, fl, ~,, s phases than in the (~ and (Y phases. 

The main features of the observed anisotropy in 

the thermal expansion can be explained by means 
of the strong, short bonds. Let it be assumed that  all 
short bonds are of equal strength, let the directions 
of the bonds be described by unit vectors us, and 
let us form the dyadic T--.,~,u~u~ where the sum is 

extended over all short bonds. The direction s of a 
principal axis of the tensor is given by the condition 
that  s. T. s be an extremum. The direction of maximum 
thermal expansion tends to be parallel and the direc- 
tion of minimum thermal expansion normal to the 
chemical bonds. Accordingly one should expect the 
tensor T and the thermal expansion tensor to have 
parallel orientations. Indeed, this is true. The quantity 
s .T . s  has its maximum value when s is along the 
b-axis, its minimum value when s is approximately 
parallel to the c-axis, and the two long principal axes 
are of nearly equal length. 

I t  has not been possible to find a simple structural 
relationship between alpha and beta plutonium, thus 
indicating that  a major rearrangement of the atoms 
is involved in the a ~-fl  transition. 
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