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Al though it  is not  the purpose here to consider the  
analysis  of the in terd i f fus ion  process by  this X- ray  
technique (this will be publ ished elsewhere) i t  is of 
interest  to note briefly some of the  more striking 
conclusions from the results presented. Fi rs t  it  is seen 
from Figs. 4 and  5 tha t  a l though significant inter- 
diffusion has a l ready occurred in 5 min.,  after 36,000 
min. the  homogenizat ion is far from complete. Sec- 
ondly, Hi diffuses into Cu much  more rapid ly  t han  
Cu into Hi ;  after 5 min. no pure Cu remains  al though 
there is considerable pure Hi. 

Summary 

The broadening of a diffraction line from an in- 
homogeneous b ina ry  solid solution has been quanti-  
ta t ive ly  analyzed to yield the composition distr ibution,  
N(x), defined as the number  of uni t  cells of composi- 
t ion x. The analysis  hinges on the  minimiza t ion  of 
di f f ract ion- l ine  ins t rumenta l  broadening. Stokes's 
Fourier  method of instrumental-effect  minimiza t ion  
has been reviewed. An al ternat ive  method has also 
been described; i t  is shown tha t  by  choosing a high 
angle reflection and ma themat i ca l ly  e l iminat ing the 
Kc~ component  the ins t rumenta l  effect can be made  
negligible in cases of moderate  dependence of latt ice 
parameter  on composition. 

The analysis  has  been applied to mixed  Cu-Hi  
powders (36 a t .% Cu) interdiffused at 780 °C. The 
results have been presented in the form of d iagrams 
of x versus 

which have  been shown to be analogous to the descrip- 
t ion of interdiffusion by  the usual  concentration- 
penetra t ion curve. The average compositions of the 
result ing inhomogeneous solid solutions have  been 
de termined by  the X-ray  analysis  to + 1.5%. 

The method  of analysis  by  Kc~9 el iminat ion has been 
compared with Stokes's Fourier  method  wi th  the 
conclusion tha t  the former, in the example  considered, 
was more reliable and about  ten t imes more rapid. 
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The structure of Pu_Ni 4 has been determined by single crystal X-ray methods. The unit cell is mono- 
clinic, space group C2/m with 

a = 4.87, b = 8.46, c = 10.27 -~, fl = 100 °. 

There are six formula units per unit cell. Two of the six Pu atoms have a coordination essentially 
identical to that  of the Pu in PuNi 5. The other Pu atoms have a coordination somewhat similar to 
the Pu in PmNi 5. The Pu_Ni~ structure can be obtained by removing the Ni atoms at z = ½ from every 
third unit  cell of PuNi 5 and by slightly shifting the remaining atoms. 

Introduction 

There are six b inary  compounds in the P u - N i  system 
(Wensch & Whyte ,  1951). The structures of PuNic, 
PuNi5 and Pu2Nil7 have been reported by Coffinberry 
& Ell inger (1956). The structure of PuNi  has been 
reported by  Cromer & Roof (1959) and tha t  of PuNi3 

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

by  Cromer & 01sen (1959). The structure of PuHi4, 
the remaining  compound of the series, is the subject  
of the present report. 

Experimental 

An alloy containing 78.5 a t .% Ni was prepared by  
mel t ing the components in vacuum and then  an- 
neal ing the result ing ingot at 1240 °C. for 10 hr. 
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Table 1. Final least-squares parameters for PuNia 

Atom va y z 
Pu~ 0 0 0 
Pu 2 0"1263 -+ 0.0010 0 0.3552 +_ 0-0004 
Ni z 0 0"3331 _+ 0.0011 0 
Ni s 0"5712 +_ 0"0028 0 0" 1987 _+ 0.0013 
Ni 3 0.3199_+0.0019 0 .2507+0.0009  0.] 993_+ 0.0007 
Ni  4 0.1422 _+ 0.0020 0.3300_+ 0.0007 0.4066 + 0-0009 

B (A ~-) 
1.59_+0.i3 
1.67+__0.10 
1.99+0-31 
1.50 + 0.28 
1.70_+0.18 
2.11 + 0.23 

The a m o u n t  of Ni in the alloy was purposely held to 
somewhat  below 80 a t .%,  the  theoretical  composition 
of PuNi4, in order to ensure t ha t  the p r imary  phase 
would be PuNi4. Metallographie examinat ion  showed 
t h a t  the specimen consisted almost  entirely of coarse 
grained PuNi4. However,  because of the very  soft, 
graphite-l ike tex ture  of PuNi4, it  was impossible to 

separate  crystals of good qual i ty  from the aggregate.  
After  X - r a y  examinat ion  of a number  of f ragments ,  
one single crystal  of poor bu t  usable qual i ty  was 
obtained. Precession photographs  were t aken  of this 
crystal  with Mo radiat ion (2=0.7107 ~)  and the uni t  
cell was found to be monoclinic with 

a = 4.87 -k 0.01, b=8.46_+0.02, c = 1 0 . 2 7 + 0 . 0 2  A ,  
f l =  1 0 0 + 0 . 1  o . 

The sys temat ic  extinctions were consistent wi th  space 
g r o u p s  C2, Cm or C2/m. N o  m e a s u r e d  d e n s i t y  w a s  
o b t a i n e d .  T h e  u n i t - c e l l  v o l u m e ,  h o w e v e r ,  w a s  cons i s t -  
e n t  w i t h  s i x  f o r m u l a  u n i t s  per  u n i t  ce l l  a n d  t h e  
c a l c u l a t e d  d e n s i t y  is t h e r e f o r e  11.3 g . c m . - 3 .  T h e  s t ruc -  
t u r e  d e t e r m i n a t i o n  i t s e l f  is t h e  b e s t  e v i d e n c e  for  t h e  
i d e n t i t y  of t h e  c o m p o u n d .  0 ° 

T h e  b e s t  c r y s t a l  w a s  a n  i r r e g u l a r  f r a g m e n t  h a v i n g  ! 
t h e  a p p r o x i m a t e  d i m e n s i o n s  0 . 2 0  x 0 .03  x 0 . 0 4  m m .  ! 
a n d  i t s  l o n g e s t  d i m e n s i o n  n e a r l y  c o i n c i d e n t  w i t h  t h e  i 
b axis. For  intensi ty  d a t a  this crystal  was ro ta ted  

0 

about  the  b axis and  a series of t imed exposures was g 
made  on a precession camera for each of the zones 

0 

hkO, Okl, hkh and hkh. Mo Kc¢ radiat ion was used. The ! 
intensities were es t imated  visually and the  four sets oo 
of da t a  were placed on approx imate ly  the same scale o ° 

o 

by comparing the common 0k0 reflections. Lp cor- o 
r e c t i o n s  w e r e  a p p l i e d  (Waser ,  1951)  b u t  a b s o r p t i o n  
errors were ignored. 

o 
o 

o 

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

PuNi3 had  been found to have a s t ructure  related to o ° 
o 

both PuNi~ and  PuNis (Cromer & 01sen, 1959; g 
C r o m e r  & L a r s o n ,  1959) .  I t  s e e m e d  r e a s o n a b l e  to  } 
e x p e c t ,  t h e r e f o r e ,  t h a t  P u N i 4  w o u l d  a l so  b e  s t r u c t u r -  
a l l y  r e l a t e d  to  P u N i s .  F u r t h e r ,  E l l i n g e r  (1959)  h a d  
o b s e r v e d  t h a t  t h e  p o w d e r  p a t t e r n  of  P u N i ~  w a s  v e r y  0 
s i m i l a r  to  t h a t  of  P u N i s .  I t  w a s  a l so  n o t e d  t h a t  t h e  ! 
a a n d  b u n i t - c e l l  d i m e n s i o n s  of  P u N i 4  are  n e a r l y  t h e  0 
s a m e  as  t h e  a a n d  b d i m e n s i o n s  of  t h e  o r t h o h e x a g o n a l  
cell of PuNis.  The assumpt ion was initially made  tha t  

0 

the space group is C2/m, and because a sat isfactory 
s t r u c t u r e  w a s  f o u n d  i n  t h i s  s p a c e  g r o u p  t h e  o t h e r  t w o  ! 
s p a c e  g r o u p s  w e r e  n o t  c o n s i d e r e d ,  o ° 

The 0kl da ta  were used to calculate a Pa t t e r son  
projection. The most  prominent  vectors indicated t h a t  
there were linear groups of three Pu  atoms, as in 
PuNi3, and  tha t  the central  Pu  a tom was surrounded 
by  Ni a toms as in PuNis. Two Pu~ atoms were placed 
in 2a (0, 0, 0; ½, ½, 0) and four Pue a toms in 4i (x, 0, z; 
etc.) with Zpus ~ 0.35. In  order to provide a reason- 
able in teratomic distance between the Pu  a toms at  
x, 0, z and ~, 0, 5, xe~s must  be ~ 0.13. Pu~ could be 
surrounded by  Ni a toms as in PuNis by  placing four 
Ni~ a toms in 4g (0, y, 0; etc.) with YNi~ ~ ½, four Ni~ 
a toms in 4i with x~-is ~ 0.57 and z~i~ ~ 0-20 and 
eight Ni3 in the general position with x~i3 ~ ½, 
y ~ t ~  ~ and z~i~ ~ 0.20. Sixteen of the  24 Ni a toms 
were thus  accounted for. I t  was consistent with the  

Table 2. Observed and calculated structure factors 
for PuNi4 

If ~o--0, the reflection was obscured by the beam tr~p. If 
2'o<0, the reflection was unobserved and the minus sign 

should be interpreted as 'less than' 

Z L F o 
2 o 26" 20V 
~. o ~23 , 80  
6 0 370  363 

~o o o +o + _8,6 
2 t 3~ -2~, 
+* I 7 .  27 
6 l 77 -65 
8 l 5 0  3 8  

2 2 75 62 
~, 2 197 - 166  
6 2 182 167 
s 2 8 .  - 85  

10 ~ -~ l  25  
0 3 3O3 30~ 
2 3 . ' 9 ~  ~ 8 3  

3 IO l  l O l  
6 3 337 3 3 1  
8 3 ~ I  60 

I O  3 i z q  1 2 3  

° i +~ -,9 2 9 -95 
~, -37 -16 

~ 96 - 8 5  
- ~ 3  - ~  

z, 5 210 216 

8 5 125 II~* 
I o  5 - 37  12 

o 6 238  255  
6 20S 238 

~, 6 2~2 Z~8 
6 6 117 115 

lO  6 82 79 
o 1o5 - i o6  

7 99 -~7  

8 7 126 - 129  
io v 51 -30  

o 8 102 91 
8 I~2 171 

- ~1  l e  
o 9 129 l ~  

io~ 12C 
6 9 72 70 

0 lO  ! '+2 137 
2 10 11~ -123  

6 IO - ~3  
8 10  -27  l 
o 11 1 3 7  1~ 
2 i I  1IS 135 

I I  162 151! 
6 i t  7~ 9'7 
o 12 -~*,* 3 3  

2 1 3  
4 13 "16 -65 

201: . . . .  6, 11 

H K o Fo Fc 
o 2 o 198 2o~ 
o . o . . . . . .  

6 3sb  ~.b3 
o u o Z l~  2+,0 
0 1o o 8 ~  8 6  

I o 155 170 
392 ~ 0 9  

5 0 1 1 2  1 1 2  
7 o 8~ 96 
9 o 1~5 lSS  

1o ~ g , 7  " 
2 2 O 211 233  

+. 
2 + °o ,o,'" , ~  

8 o 32 28 
2 Io o 72 7 .  

1 o 1.2 - ~b  ~ ~ o . . . . .  
3 1  - 22  

3 7 o 3~ - 2 ' *  
9 o 23 - 37  

a o o 123 -130 

6 o 6 7  -6~ 

, : o ° .... + -~8 - 

2 7 o -2~  -~, 

o 0 115 102 
6 2 o 31 -3~, 

~* o ~,7 36 

K H F o Fc H K ~ F o F c 
2 o 2 ~ 5  20v  0 0 201 20~  
~* o 23o  4so  
6 0 ~OO "+6~ 

0 2 7 2  .~.~0 ,o o . . . .  + 
e 6  - 

3 l 188  - i s6  

z 1 22 - 2 9  
9 I 6 ~  - s~  

2 629  6~3 
2 2 26 3 5  

2 ~ 2 2'*~ 2"t', 
6 2 197 199 

2 S 2 1~.2 l~.V 

- 98  
3 8 6  -I03 

$ 3 2 3  - & 6  
7 3 2 1  - b l  

3 9 3 ~ 6  - ~3  
o ' ,  3 ~ 3  3 7 2  

. . , .  1 9 3  ~ . , ) .  I 
6 120 1~5 

s 1 5 :~5 -27 

o z, o +.82 46o  
o 6 o 33o  ~6~ 
o 8 o 23~, 2~,o 
o , ~  o . . . .  
~. - 82  e2  

3 - z  },22 167 
l 2 -I 60 5v 
l 7 - 1  2~ 46 

2 0 - 2  ~ - 16S  
2 2 - 2  72 - 74  

g :-~ 3 .... ,, -106 
2 8 - 2  32 - 26  

3 9 - ~  65 1239 
4 o - 4  Z5~ 4 

6 -4  216 1 9 3  
~, 8 -. - 2e  lo 
5 l - 5  ll# I o 

3 5 -3 ~* 7 5 3 -5 112 I01 
5 2 -5 I01 86 
S 7 -2 82 67 
+ o . . . . . .  ° o 
6 -b -23 
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P a t t e r s o n  p ro jec t ion  and  pack ing  cons idera t ions  to  
place t he  r e m a i n i n g  e igh t  Ni  a toms  in the  genera l  
pos i t ion  wi th  x~i4 ~ 0.14, YNi4 ~ ½ and  z~i4 ~ 0.40. 
S t ruc tu re  factors  ca lcula ted  f rom this  t r ia l  s t ruc tu re  
were  in  reasonable  a g r e e m e n t  w i t h  t he  obse rved  
s t ruc tu re  factors.  

I t  m i g h t  be of in te res t  to no t e  t h a t  for solving th is  
and  o the r  s t ruc tu re  p rob lems  we h a v e  found  i t  con- 
v e n i e n t  to  use a c o m p u t e r  for gene ra t ing  and  sor t ing 
i n t e r a t o m i c  vectors .  I n  th is  way  t r ia l  s t ruc tures  can 
be qu ick ly  r e j ec t ed  or accep ted  for fu r the r  s tudy.  

R e f i n e m e n t  of  t h e  s t r u c t u r e  

The above trial structure provided starting para- 
meters for a least-squares refinement which was 
carried out with the aid of an IBM-704 computer. 
Included as parameters were eleven atomic positions, 
six isotropic temperature factors and four scale factors, 

0 z :, I / 2  

, ..... '(: ,, .... 

I / 4  

Fig. 1. Fourier projection of PuNi 4 down the a axis. The zero 
contour is dashed. The contour interval is 10 e.A -2 around 
the Ni atoms and 20 e./~ -2 about the Pu atoms. 

one for each  zone. The  T h o m a s - F e r m i  fo rm factor  of 
P u  was used  af ter  sub t r ac t ing  10 e lect rons  as an  
a p p r o x i m a t e  correct ion for anoma lous  dispersion.  The  
Viervol l  & Ogr im (1949) form factor  was used  for l~i. 
All ref lect ions were w e i g h t e d  equal ly .  The  f inal  posi- 

I< C 
I 

o 

f I¢:tK? 
I c sin/~ , 

ToOO oO 

Fig. 2. (a) Several unit cells of PuNi 5. The large circles are Pu atoms and the small circles are Ni atoms. 
(b) The PuNia structure in projection down [100]. The x coordinates of the atoms arc given inside the circles. 
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t ion  and  the rmal  parameters  are listed in Table 1 and 
the  observed and calculated s t ructure  factors, for 
which R = 8 . 4 % ,  are listed in Tab]e 2. The s tandard  
devia t ions  were es t imated  in the usual way by invert-  
ing the  mat r ix  of coefficients in the least-squares 
normal  equations.  

An 0kl Fourier  project ion is shown in Fig. 1. 

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

The various in tera tomie  distances in PuNi4 are given 
in Table 3. The s tandard  deviat ions of Pu -Pu ,  P u - N i  
and  Ni-:Ni distances are about  0.01, 0.02 and 0.03 /~, 
respectively.  In  Fig. 2(b) the s t ructure of PuNi4 is 
shown in project ion parallel  to the a axis. The PuNi4 
s t ructure  can be derived from the  PuNi5 s tructure 
but  not  by making subst i tut ions and layer  shifts of 

Table 3. Interatomic distances in PuNi4 
The number of neighbors of a given kind is in parentheses 

Pul-Pu 2 3-59(2) /~ Pu2-Pu 1 3.59(1) 
-Ni~ 3.15(2) -Pu 2 3.41(I) 
-Ni x 3-16(2) -Ni t 2-89(1) 
-Ni 2 2.81(4) -Ni x 2.91(1) 
-Ni 2 2.82(2) -Ni 3 2.90(1) 
-Ni 3 3.16(4) -Ni~ 2.91(I) 
-Nia 3.17(4) -Ni t 2.84(2) 

-Ni t 2.86(2) 
-Ni 4 2.89(2) 
-Ni t 2.89(2) 

Nil-Pu 1 3.15(1) A Ni2-Pu 1 2.81(2) 
-Pu 1 3.16(1) -Pu 1 2.82(1) 
-Pu 2 2.89(1) -Ni 1 2.45(2) 
-Pu 2 2-91(1) -Ni 2 2.81(2) 
-Ni2 2.45(2) -Ni 2 2.82(1) 
-Ni 3 2.43(2) -Nis 2.45(2) 
-Ni 3 2.45(2) -Ni 3 2.46(2) 
-Nq 2.55(2) 

Ni3-Pu 1 3.16(1) A Nit-Pu 2 2.84(1)/~ 
-Pu 1 3.17(1) -Pu 2 2.86(1) 
-Pu 2 2.90(1) -Pu 2 2.89(1) 
-Pu 2 2.91(1) -Pu 2 2.89(1) 
-Ni~ 2.43(1) -Ni t 2.55(1) 
-Ni~ 2.45(1) -Ni 3 2.51(1) 
-Nio 2-45(1) -Ni 3 2.52(1) 
-Ni 2 2.46(1) -Ni t 2.43(1) 
-Ni 3 2.43(2) -Ni t 2.55(1) 
-Ni t 2.51(1) -Ni t 2.79(2) 
-Nq 2.52(1) -Nit 2.SS(I) 

the  type  used to develop PuNi3 and other  similar 
structures (Cromer & Larson, 1959). Fig. 2(a) shows 
several uni t  cells of PuNi5 (CaCu5 structure  type).  
In  order to derive PuNi4 from PuNi5 the layer  of 
atoms at  z =  ½ in every th i rd  uni t  cell is removed,  as 
indicated by the encircled atoms in Fig. 2(a). This 
operat ion changes the  symmet ry  to C2/m with a 
monoclinic fl angle of 90 °. The s t ructure  is then  col- 
lapsed in order to fill up the  vaca ted  space. The Ni 
atoms in the  layers next  to the layer  t h a t  was removed 
approach each other  and move sl ightly out  of the  
planes of the Pu atoms. A ro ta t ion  of 10 ° about  the  
b axis permits  the  exposed atoms to assume normal  
in tera tomic  distances and produces the monoclinie fl 
angle of 100 °. 

Pul  has two Pu and 18 2qi neighbors in an arrange- 
ment  essentially the same as the  Pu in PuNis. Pu2 
has two Pu and 14 Ni neighbors. There are six :Ni 
atoms approximate ly  coplanar with Pu2 and on one 
side there are six :Ni atoms and one Pu atom. Thus 
far the coordinat ion is about  the  same as i t  is in PuNis. 
However,  on the other  side of Pue there are only three 
neighbors, one Pu a tom and two Ni atoms, arranged 
in the form of a triangle. Thus the  two Pu  neighbors 
of Pu2 form an angular  ra ther  t ha n  a l inear group of 
three. Nil, Ni3 and Ni4 each have four Pu and eight  
Ni neighbors arranged in dis tor ted icosohedrons. :Ni2 
has three Pu and nine Ni neighbors in a coordination,  
similar to the twofold Ni in the  PuNi5 structure.  

We are indebted  to Mr V. 0.  Struebing for prepara-  
t ion of the alloy. 
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