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PusS i  a is i s o s t r u c t u r a l  w i t h  WsSi  a. T h e  u n i t  cell is t e t r a g o n a l ,  space  g r o u p  No.  140, I4 /mcm,  a = 
11.409, c = 5 . 4 4 8  A,  a n d  t h e r e  a re  f o u r  f o r m u l a  u n i t s  pe r  u n i t  cell. L e a s t - s q u a r e s  r e f i n e m e n t  of 
c o u n t e r  d a t a  h a s  b e e n  ca r r i ed  o u t .  

Introduction 

The plutonium-silicon binary system contains at  least 
five compounds (Coffinberry & Miner, 1961). These 
are PuSi, Pug Sis, PuSie and two plutonium rich phases, 
one of which, PusSi3, is described in this paper. PusSi3 is 
isostructural with WsSis, which has the D8m structure 
type. 

Experimental  

A plutonium alloy specimen containing 37 at .% 
silicon was prepared by co-melting the alloy constitu- 
ents in an arc furnace and cooling the resulting ingot 
fairly rapidly to room temperature. Since Pu~Si3 
contains 37.5 at. % silicon, the ingot contained a small 
amount of ~-Pu, which, under the microscope, was 
visible as a second phase between the l:)usSi~ grains. 
The ingot was crushed and small single-crystal frag- 
ments were selected for X-ray analysis. Preliminary 
precession photographs were taken which showed 

Table 1. Crystallographic data for PusSi3 

Tetragonal ,  Space group No. 140, I4/mcm 

a = 11.409_+0.003 A (;t(MoKal) = 0.70926 A) 
c = 5.448_+0.002 A 

Z = 4  
Dx = 11.98 g.cm -a 
Dm = 12-0 g.cm -a 

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

tha t  the compound was probably isostructural with 
the WsSia or D8m structure type (Aronsson, 1955). 
Subsequent quanti tat ive t reatment  verified this 
relationship with WsSi3. Crystallographic data are 
summarized in Table 1. 

Unit-cell parameters and reflection intensities were 
measured with a carefully aligned single-crystal 
orienter on an XRD 5 apparatus, with Mo Ka  radiation. 
Background corrections were made by means of the 
balanced filter technique. The crystal selected for 
investigation had a maximum dimension of about 
0.11 ram, which was in a direction approximately 
parallel to [110], the rotation axis. The entire hemi- 
sphere of the reciprocal lattice was investigated within 
a limiting sphere bounded by 20Mo=55 °. The shape 
of the crystal was approximated by six bounding plane 
faces. Absorption corrections were made by using the 
Busing & Levy (1957) method and Burnham's (1962) 
program which we modified for single-crystal orienter 
geometry. Transmisson factors varied from 0.26 to 
0.44. After absorption corrections were applied the 
equivalent reflections (eight for the general hkl reflec- 
tion) were averaged. An R index formed by comparing 
equivalent observed reflections was 5.3% based on F 
and 9.8% based on F 2. There were 223 non-equivalent 
observed reflections out of 244 possible. 

Refinement of the structure 
A least-squares refinement of the structure was made 
with the positions given by Aronsson (1955)for W~Si8 

a 1 

Si 6-737 

Pu  36"576 

Table 2. Coefficients for analytic form factor curves 
bl a 2 b2 a 3 b 3 a 4  

1-718 4"168 47"529 1"587 6"035 - -  

s = 0  to 1"5 A -1 

0-497 23"790 3.223 16"679 14-156 3"405 

s=O to 1.99 A -1 (z]f'= -8"26) 

5 4 c 

- -  1.486 

93.209 5.23 

Atom 

Pu(1) 
Pu(2) 
si(1) 
si(2) 

Posi t ion set 

4(b) 
16(k) 
4(a) 
8(h) 

Table 3. Final least-squares parameters for PusSi 3 

x y z B n x 105 Bee x l0 s 

0.0 0.5 0.25 248-+ 18 B n 
0.0855-+0.0001 0.2208_+0.0001 0.0 213_+ 15 199_+ 15 

0.0 0.0 0.25 103 _+ 109 B n 
0.1582_+0.0011 ½+x 0.0 197_+87 Bll  

Ex t i nc t i on  pa rame te r :  g = 9.55 -+ 0.5 × 10 -s. 

B3a × 105 B12 x 105 

542 _+ 96 
756_+49 10_  19 
534 _+ 675 
420_+ 190 11_+ 197 
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Table 4. Observed and calculated structure factors for PusSi 3 
The column headings are h, Fo and  Pc. I f  Po is negat ive  the  minus  sign means  'less t h a n '  

K= 0 L= 0 K= 1 L= 3 K= 2 L= 4 K= 3 L= 6 K= 5 L= 2 K= 7 L= 1 

2 35 36 8 172 168 8 295 295 7 222 23C 9 118 -I12 8 136 126 
4 325 383 " I0 354 350 I0 -4g 43 11 533 509 I0 235 -222 
6 318 -373 12 153 -155 12 152 -146 K= 4 L= C 13 89 74 12 115 II0 
8 88 I01 

10 408 447 K= I L= .4 K= 2 L= 5 4 95 -97 K= b L= 3 K= 7 L= 2 
12 281 2 8 8  6 37 -7 
14 407 396 I 63 -71 3 345 -360 8 I01 79 6 171 168 7 615 605 

3 310 -320 5 146 149 I0 279 298 8 -44 -3 9 121 -121 
K= 0 L= 2 5 =40 21 7 55 -33 12 408 4CO I0 265 252 II 72 59 

7 472 -468 9 61 54 14 87 61 12 88 -85. 
0 914 888 g 145 144 K= 7 L= 3 
2 610 -595 II 253 -244 K= -2 L= 6 K= 4 L = I K= 5 L= 4 
4 246 --23l 8 118 II0 
6 900 -829 K= 1 L= 5 2 372 -399 5 325 ' 326 5 -600 -596 I0 204 -196 
8 325 -328 4 ?4 77 7 225 -224 7 80 -69 

10 88 64 "2 189 -190 6 -48 15 @ 226 -233 9 299 -302 K= 7 L= 
12 -46 -17 4 378 -393 II -42 8 II 265 246 
14 146 I~2 6 146 145 K= 3 L= 0 13 -51 -38 7 273 275 

8 128 128 K= 5 L= 5 9 298 -290 
K= 0 L= 4 I0 271 272 3 268 -291 K= 4 L=' 2 

5 -33 23 6 123 127 K= 8 L= 0 
0 1090 1108 K= I L: 6 7 63 63 4 598 -594 8 -47 -2 
2 48 28 9 209 -225 6 457 -456 8 146 144 
4 245 257 1 193 206 II 231 -254 8 323 -314 K= 5 L= 6 I0 III 131 
6 254 -250 3 48 24 13 I?I -I12 I0 68 -48 12 188 189 
8 84 79 5 232 244 12 I09 It? 5 219 -224 

I0 359 343 7 126 -132 K= 3 L= I K= 8 L= I 
12 2 3 6  2 2 7  K= 4 L= 3 K= 6 L = 0 

K= 2 L= 0 4 - 3 2  14 9 2 7 3  - 2 6 8  
K: 0 L= 6 6 368 366 5 273 269 6 601 620 II 157 -148 

2 162 -180 8 644 -671 7 192 -189 8 178 210 
0 398 4 2 9  4 604 809 I0 "91 .94 9 208 -202 IC 49 -30 K = 8 L= 2 
2 293  -309 6 469 582 12 180 -183 II -43 7 12 183 190 
4 I19 -131 8 346 395 14 276 296 8 183 --174 
6 443 -465 I0 63 52 K= 4 L= 4 K= 6 L= 1 I0 152 -140 

12 194 -192 K= 3 L= 2 
K= I L= 0 14 161 142 4 71 -59 7 212 205 K= 8 L = 3 

3 176 170 6 -42 C 9 288 280 
I 89 -102 K= 2 L= I 5 407 400 8 71 63 II 7C 67 9 240 -235 
3 393 -486 7 398 384 I0 238 232 13 114 -I09 
5 -34 40 3 674 -638 9 78 64 K= 8 L = 4 
7 539 -648 5 245 247 II -43 --13 K= 4 L= 5 K= 6 L= 2 
9 176 199 7 5Z -51 13 rSO 19 8 124 114 

11 307 -312 g 80 8~ 5 196 260 6 172 167 

13 93 70 11 184 189 K= 3 L= 3 7 145 -144 8 165 -156 K= 9 L= 0 
13 226 -224 9 150 -156 I0 343 -325 

K= 1 t= 1 4 -37 II 12 76 -67 9 68 -64 
K: 2 L= 2 6 306 304 K: 4 L: 6 ii 82 93 

2 369 -347 8 58g -572 K= 6 "L= 3 
4 724 -683 2 807 -764 I0 85 82 4 320 -333 K= 9 L= I 
6 232 238 4 170 162 12 162 --161 6 253 -268 7 ]73 176 
8 189 198 6 57 41 9 248 244 I0 275 -251 

I0 373 406 8 7C -50 K: 3 L=" 4 K= 5 L: C 11 68 ~9 
12 170 -176 I0 298 -296 K= 9 L= 2 
14 123 -120 12 453 -462 3 202 -199 5 790 -828 K= 6 L= 4 

14 103 -93 5 -40 II 7 72 -87 9 152 133 
K= I L= 2 7 54 41 9 34.1 -391 6 4 7 3  4 6 2  

K = Z t = 3 ? 185 - l l ~  I t  300 } ~ t  ~ 164 163 K= I0 L= 0 
I 377 395 II 207 -200 13 309 -I01 IC -47 -20 
3 41 26 3 508 -503 
5 453 436 5 204 202 K= 3 L= 5 K= 5 "L= 1 " K= 6 L= 5 
7 252 -247 7 58 - 4 3  
9 466 469 9 76 70 

11 68 -58 II 166 166 
13 2 6 7  253 13 2 0 8  -199 

K= 1 L= 3 K= 2 L= 4 

2 267 -271 2 108 -II0 
4 549 -544" 4 545 544 
6 204 195 6 416 413 

4 - 4 2  8 6 197  l g 8  7 135  135  
6 227  2 2 7  8 - 4 1  - 3  
8 432  - 4 3 7  10 2 8 8  2 8 8  K= 7 L= 0 

I0 78 64 12 102 -96 
7 3 6 8  3 7 0  

K: 3 L= 6 K= 5 L= 2 9 327 -369 
II 136 -136 

3 ~01 97 5 410 -409 13 366 -369 
5 218 229 7 224 217 

10 2 3 7  210  

K= 10 L= 2 

10 - 5 1  - 2 9  
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as s t a r t i ng  pa ramete r s .  The  func t ion  min imized  was 
Zw(AF) 2 wi th  w de t e rmined  f rom the  coun t ing  s ta t i -  
st ics according  to the  m e t h o d  der ived  by  E v a n s  (1961). 
Unobse rved  ref lec t ions  were g iven  zero weight .  The  
s i l icon form fac tor  was t h a t  g iven  in International 
Tables for X-ray Crystallography (1962). A r ecen t l y  
ca lcu la ted  re la t iv i s t ic  p l u t o n i u m  form fac tor  was used 
and  to  th is  a / I f '  cor rec t ion  of - 8 . 2 6  e lec t rons  was 
appl ied .*  The  sca t t e r ing  curves were used in the  
func t iona l  form 

f(s) = ~ a~ exp ( -b i s )÷c  
i = l  

where  s -- sin 0/~t, and  n - -  3 for s i l icon a n d  n = 4 for 
p lu ton ium.  The  coeff icients  are g iven  in  Tab le  2. A 
secondary  ex t i nc t i on  p a r a m e t e r  was also inc luded  so 
t h a t  the  obse rva t ion  equa t ions  were of the  form 

/ I F - - J F o b s [ - -  KJFc[ 
(2(1 + oos4 20)~ ~/(1 +gLp \~c~s2 2--~/[Fct2) 

where  g is the  ex t i nc t i on  p a r a m e t e r  (Zachariasen,  
1963). 

I sot ropic  leas t -squares  ca lcula t ions  were m ade  first .  
These ca lcu la t ions  showed t h a t  PusSi3 was indeed  
i sos t ruc tu ra l  w i th  WsSis. F ina l ly ,  an iso t rop ic  calcula- 
t ions  were made ,  a n d  the  f ina l  pa r ame te r s  are g iven  
in  Tab le  3. Af te r  t he  las t  cycle the  changes  as f rac t ions  
of the  s t a n d a r d  dev ia t ions  were < 6 x 10 -4 for pos i t ion  
pa ramete r s ,  < 2 × 10-~ for t h e r m a l  pa r ame te r s  a n d  
1.5 x 10 -2 for the  e x t i n c t i o n  pa rame te r .  Observed  and  
ca lcu la ted  s t ruc tu re  fac tors  are g iven  in  Tab le  4. The  
f ina l  R index  wi th  unobse rved  ref lect ions  o m i t t e d  is 
5.4%. 

D i s c u s s i o n  

The  i n t e r a tomic  d is tances  in  PusSi3 are l i s ted  in Table  
5. The  s t a n d a r d  dev ia t ions  g iven  in the  t ab l e  were 
c o m p u t e d  w i th  cor re la t ion  t e rms  inc luded  bu t  no 
accoun t  was t a k e n  of possible  errors in  the  la t t i ce  
c o n s t a n t  values .  

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 rans-  

Tab le  5. Interatomic distances in PusSi8 

Pu(1)-4si (2) 2.893-+0.015A Si(1)-2Si (1) 2.724-+0.0A 
-2Pu(1) 2.724_+0.0 -8Pu(2) 3.025+0.001 
-8Pu(2) 3.599_+0.002 

Pu(2)-2Si (1) 3.025_+0.001 Si(2)-2Si (2) 4.025_+0.025 
-18i  (2) 3.010 _+ 0.015 -2Pu(1) 2.893_+0.015 
-18i  (2) 3.104_+0.006 -2Pu(2) 3.010_+0.015 
-2Si (2) 3.164_+0.002 -2Pu(2) 3.104_+0.006 
-2Pu(1) 3.599_+0.002 -4Pu(2) 3.164_+0.002 
-1Pu(2) 3.125_+0.003 
-2 Pu(2) 3.351_+0-002 
-2Pu(2) 3.491 _+0.002 
-2 Pu(2) 3.820_+0.002 

* Tables of scattering factors and anomalous dispersion 
terms calculated from relativistic wave functions are in 
preparation. 

A C 17 - -  6 2  

fo rmed  to  o b t a i n  the  axes and  o r i en ta t ions  of the  
t h e r m a l  ellipsoids. These  quan t i t i e s  are g iven  in Tab le  
6. Pu(2) a n d  Si(1) have  essen t ia l ly  i so t ropic  t h e r m a l  
mot ion .  Pu(1) a n d  Si(2) have  a s ign i f i can t ly  larger  
a m p l i t u d e  in the  xy plane  t h a n  t h e y  have  para l le l  to  z. 
The  reason  for the  a n i s t r o p y  of Pu(1) is clear,  for these  
a toms  lie r a t h e r  close t oge the r  in  a l inear  cha in  para l le l  
to  z and,  hence,  can v ib r a t e  mos t  eas i ly  in  a d i rec t ion  
n o r m a l  to th i s  chain.  There  is no  obvious  cons t r a in t  
on the  m o t i o n  of Si(2). 

Tab le  6. Thermal ellipsoids in PusSi8 

Atom Axis r.m.s. Amplitude 

Pu(1) 1 0.128_+0-005 A 
2 0-128_+ 0.005 
3 0.090 _+ 0.008 

Pu(2) 1 0.119_+0.004 
2 0.114_+0.004 
3 0.107 _+ 0.003 

Si(1) 1 0.116-+0-038 
2 0.112-+ 0.038 
3 0.079 -+ 0.046 

Si(2) 1 0.083 _+ 0.043 
2 0-O83 _+ 0.043 
3 0.090 _ 0.057 

Orientation relative to the 
crystallographic axes 

a b c 

0 ° 90 ° 90 ° 
90 0 90 
90 90 0 

17 + 32 73 __+ 32 90 
107__+32 17_+32 90 

90 90 0 

45 45 90 
135 45 90 
90 90 0 

0 90 90 
90 0 90 
90 90 0 

A difference Four i e r  synthes is  was c o m p u t e d  in  
order  to  de t e rmine  if a n y  s igni f icant  fea tures  remained .  
The  sect ions a t  z = 0 and  ¼ are shown in  Figs. 1 and  2. 
The  on ly  fea ture  of s ignif icance is t he  hole of ---12 e.A -3 
a t  0, ½, 0, the  po in t  ha l f -way  be tween  the  Pu(1) a toms.  
The  nega t ive  region ex tends  all  a long the  l ine 0, ½, z 

x~0 
y=0 

z=0 x=0.5 

~(2i: i i) C 

y=0.5 

Fig. 1. Difference Fourier section at z=0. Contours are at 
2.0 e.A -3, the approximate standard deviation of the 
electron density. Positive contours are heavy lines and 
negative contours light lines. The zero contour is dotted. 

and  the  hole  m a y  be accoun ted  for by  the  closeness of 
the  Pu  a toms.  I n  compu t ing  the  difference Four i e r  
synthes is ,  two over lapp ing  spheres are sub t r ac t ed  and  
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y=t 
Si~ 

y=0.5 
Pu(1 

x=O z=0.25 x=0.5 

s~(1) 

Fig. 2. Difference Fourier section at z=0.25 for PusSi 3. 
Contours as in Fig. 1. 

thus,  in the  overlapping region, too much  electron 
dens i ty  was removed.  

All calculations were performed with an IBM 7090 
or 7094 with programs wri t ten  by  the  authors.  We wish 
to t h a n k  Mr. V. O. Struebing for prepar ing the speci- 
men. 
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Anomalous  Transmiss ion  of X-rays  in an Elastically Deformed 
Non-Isotropic  Crystal 
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A point source of X-rays placed before a slice of dislocation-free germanium produces on a 
photographic plate behind the slice a picture that is characteristic of the anomalous transmission 
of the X-rays. The change in this picture due to bending of the germanium slice is explained 
theoretically in this paper. The characteristic features of the change are related with the fact that 
germanium is an elastically non-isotropie material. 

Introduction 

The aim of this paper is to account for certain 
phenomena connected with anomalous transmission 
of X-rays through elastically deformed perfect crystals 
that have been observed by van Bommel (1964) in 
this laboratory. In his experiments a thin slice of a 

disl0cati0n.free germanium crystal was irradiated with 
X-rays from a point source located near the surface 
of the crystal. A photographic plate some distance 
away from the opposite surface then clearly indicates 
the directions in which anomalous propagation of 
X-ray energy is possible through the crystal. In 
particular, if the [Ill] axis of the crystal is perpen- 
dicular to the surface, a picture with sixfold symmetry 
is obtained, which reveals anomalous transmission of 
X-rays along (220) planes of the germanium lattice. 
Van Bommel observed that bending of the crystal 

results in a characteristic change of the picture on 
the photographic plate as a result of increased absorp- 
tion of the X-rays. For instance, bending can destroy 
the sixfold symmetry of the picture and can produce 
apparent threefold symmetry. It will be shown in 
this paper that these experimental results can be 
understood from the general theory developed in a 

previous paper  (Penning & Polder,  1961) and t h a t  they  
are in t imate ly  connected with the  cubic anisot ropy 
of the tensor of the elastic compliance of germanium.  

Resum6 of the general  theory 

In our previous paper it was emphasized that 
anomalous transmission of X-rays is connected with 
the fact that electromagnetic energy cannot propagate 
as a plane wave in an infinite medium with a dielectric 


