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Although it is not the purpose here to consider the
analysis of the interdiffusion process by this X-ray
technique (this will be published elsewhere) it is of
interest to note briefly some of the more striking
conclusions from the results presented. First it is seen
from Figs.4 and 5 that although significant inter-
diffusion has already occurred in 5 min., after 36,000
min. the homogenization is far from complete. Sec-
ondly, Ni diffuses into Cu much more rapidly than
Cu into Ni; after 5 min. no pure Cu remains although
there is considerable pure Ni.

Summary

The broadening of a diffraction line from an in-
homogeneous binary solid solution has been quanti-
tatively analyzed to yield the composition distribution,
N(x), defined as the number of unit cells of composi-
tion z. The analysis hinges on the minimization of
diffraction-line instrumental broadening. Stokes’s
Fourier method of instrumental-effect minimization
has been reviewed. An alternative method has also
been described; it is shown that by choosing a high
angle reflection and mathematically eliminating the
Kuxs component the instrumental effect can be made
negligible in cases of moderate dependence of lattice
parameter on composition.
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The analysis has been applied to mixed Cu-Ni
powders (36 at.% Cu) interdiffused at 780 °C. The
results have been presented in the form of diagrams

of x versus .
g N(x)dx/ S N()do

0 0

which have been shown to be analogous to the descrip-
tion of interdiffusion by the usual concentration-
penetration curve. The average compositions of the
resulting inhomogeneous solid solutions have been
determined by the X-ray analysis to +1:56%.

The method of analysis by Kus elimination has been
compared with Stokes’s Fourier method with the
conclusion that the former, in the example considered,
was more reliable and about ten times more rapid.
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The Crystal Structure of PuNi*
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(Received 21 December 1959)

The structure of PuNi, has been determined by single erystal X-ray methods. The unit cell is mono-

clinie, space group C2/m with

a=4-87, b=846, c=10-27 A, f=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,. The other Pu atoms have a coordination somewhat similar to
the Pu in PuNi,. The PulNi, structure can be obtained by removing the Ni atoms at z =} from every
third unit cell of PuNi; and by slightly shifting the remaining atoms.

Introduction

There are six binary compounds in the Pu-Ni system
(Wensch & Whyte, 1951). The structures of PulNig,
PuNis and PusNii; have been reported by Coffinberry
& Ellinger (1956). The structure of PuNi has been
reported by Cromer & Roof (1959) and that of PuNis

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

by Cromer & Olsen (1959). The structure of PuNiy,
the remaining compound of the series, is the subject
of the present report.

Experimental

An alloy containing 785 at.% Ni was prepared by
melting the components in vacuum and then an-
nealing the resulting ingot at 1240 °C. for 10 hr.
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THE CRYSTAL STRUCTURE OF PuNij,

Table 1. Final least-squares parameters for PuNis

Atom x Yy z B (A?)
Pu, 0 0 0 1:594 0-13
Pu, 0-1263+0:0010 0 0-3552 + 0-0004 1-67+0-10
Ni, 0 0-3331 £+ 0-0011 0 1-9940-31
Ni, 0-5712 +0-0028 0 0-1987 +0-0013 1-50 +0-28
Ni, 0-3199 + 0-0019 0-2507 + 0-0009 0:1993 4+ 0-0007 1-70+0-18
Ni, 0-1422 + 0-0020 0-3300 + 0-0007 0-4066 + 0-0009 2:114+0-23

The amount of Ni in the alloy was purposely held to
somewhat below 80 at.%, the theoretical composition
of PuNiy4, in order to ensure that the primary phase
would be PuNis. Metallographic examination showed
that the specimen consisted almost entirely of coarse
grained PulNis. However, because of the very soft,
graphite-like texture of PuNis, it was impossible to
separate crystals of good quality from the aggregate.
After X-ray examination of a number of fragments,
one single crystal of poor but usable quality was
obtained. Precession photographs were taken of this
crystal with Mo radiation (1=0-7107 A) and the unit
cell was found to be monoclinic with

a=4-87+001, b=846+0-02, c=10-27+0-02 & ,
B=100 +0-1°.

The systematic extinctions were consistent with space
groups €2, Cm or C2/m. No measured density was
obtained. The unit-cell volume, however, was consist-
ent with six formula units per unit cell and the
calculated density is therefore 11-3 g.cm.~3. The struc-
ture determination itself is the best evidence for the
identity of the compound.

The best crystal was an irregular fragment having
the approximate dimensions 0-20x0-03 x 0-04 mm.
and its longest dimension nearly coincident with the
b axis. For intensity data this crystal was rotated
about the b axis and a series of timed exposures was
made on a precession camera for each of the zones
hk0, Okl, hkh and hkR. Mo K« radiation was used. The
intensities were estimated visually and the four sets
of data were placed on approximately the same scale
by comparing the common 0%0 reflections. Lp cor-
rections were applied (Waser, 1951) but absorption
errors were ignored.

Determination of the trial structure

PuNiz had been found to have a structure related to
both PuNiz and PuNis (Cromer & Olsen, 1959;
Cromer & Larson, 1959). It seemed reasonable to
expect, therefore, that PuNis would also be structur-
ally related to PuNis. Further, Ellinger (1959) had
observed that the powder pattern of PuNis was very
similar to that of PuNis. It was also noted that the
a and b unit-cell dimensions of PuNi4 are nearly the
same as the ¢ and b dimensions of the orthohexagonal
cell of PuNis. The assumption was initially made that
the space group is C2/m, and because a satisfactory
structure was found in this space group the other two
space groups were not considered.

The Okl data were used to calculate a Patterson
projection. The most prominent vectors indicated that
there were linear groups of three Pu atoms, as in
PuNiz, and that the central Pu atom was surrounded
by Ni atoms as in PuNis. Two Pu; atoms were placed
in 2a (0, 0, 0; 3, 3, 0) and four Pus atoms in 4% (z, 0, z;
etc.) with zp,, ~ 0-35. In order to provide a reason-
able interatomic distance between the Pu atoms at
2,0,z and %, 0, Z, xp,, must be ~ 0-13. Pu; could be
surrounded by Ni atoms as in PuNis by placing four
Ni; atoms in 4g (0, y, 0; etc.) with yy;, ~ §, four Nie
atoms in 4¢ with xy;, ~ 0-57 and 2y, ~ 0-20 and
eight Niz in the general position with xy;, ~ 3,
¥ Nig™ 1 and zy;, ~ 0-20. Sixteen of the 24 Ni atoms
were thus accounted for. It was consistent with the

Table 2. Observed and calculated structure Sactors
for PuNi4

If F,=0, the reflection was obscured by the beam trap. If
F,<0, the reflection was unobserved and the minus sign

N ¢ Y
should be interpreted as ‘less than
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Patterson projection and packing considerations to
place the remaining eight Ni atoms in the general
position with y, ~ 0-14, yy;, ~ % and zy;, ~ 0-40.
Structure factors calculated from this trial structure
were in reasonable agreement with the observed
structure factors.

It might be of interest to note that for solving this
and other structure problems we have found it con-
venient to use a computer for generating and sorting
interatomic vectors. In this way trial structures can
be quickly rejected or accepted for further study.

Refinement of the structure

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

one for each zone. The Thomas—Fermi form factor of
Pu was used after subtracting 10 electrons as an
approximate correction for anomalous dispersion. The
Viervoll & @grim (1949) form factor was used for Ni.
All reflections were weighted equally. The final posi-
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Fig. 2. (a) Several unit cells of PuNi;. The large circles are Pu atoms and the small circles are Ni atoms.
(b) The PuNi, structure in projection down [100]. The x coordinates of the atoms are given inside the circles.
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tion and thermal parameters are listed in Table 1 and
the observed and calculated structure factors, for
which R=8-49, are listed in Table 2. The standard
deviations were estimated in the usual way by invert-
ing the matrix of coefficients in the least-squares
normal equations.

An 0k! Fourier projection is shown in Fig. 1.

Discussion of the structure

The various interatomic distances in PuNis are given
in Table 3. The standard deviations of Pu—Pu, Pu-Ni
and Ni-Ni distances are about 0-01, 0-02 and 0-03 A,
respectively. In Fig. 2(b) the structure of PuNiy is
shown in projection parallel to the a axis. The PuNis
structure can be derived from the PuNis structure
but not by making substitutions and layer shifts of

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

Pu,-Pu, 3:59(2) A Pu,Pu, 3-59(1) A
-Ni; 3-15(2) ~Pu, 3-41(1)
-Ni; 3:16(2) ~-Ni, 2-89(1)
-Ni, 2:81(4) -Ni; 2:91(1)
-Ni, 2:82(2) -Ni; 2:90(1)
-Ni; 3:16(4) -Ni; 2:91(1)
~-Ni; 3:17(4) -Nig 2:84(2)

-Ni, 2:86(2)
-Ni, 2:89(2)
-Ni, 2:89(2)

Ni;-Pu, 3:15(1) & Nip-Pu, 2:81(2) &
~Pu, 3-16(1) -Pu, 2:82(1)
—Pu, 2:89(1) -Ni, 2:45(2)
—Pu, 2-91(1) -Ni, 2-81(2)
-Ni, 2-45(2) -Ni, 2-82(1)
-Ni; 2:43(2) —Ni, 2:45(2)
-Ni, 2-45(2) -Ni, 2:46(2)
-Ni, 2:55(2)

Niz-Pu, 3:16(1) A& Nig-Pu, 2:84(1) 4
~Pu, 3-17(1) -Pu, 2:86(1)
~Pu, 2:90(1) -Pu, 2:89(1)
-Pu, 2:91(1) -Pu, 2:89(1)
-Ni, 2-43(1) -Ni; 2:55(1)
-Ni, 2-45(1) ~Ni;  2-51(1)
-Ni, 2-45(1) -Ni; 2:52(1)
-Ni, 2:46(1) -Ni, 2-43(1)
-Ni, 2:43(2) -Ni, 2:55(1)
-Ni, 2:51(1) -Ni, 2:79(2)
-Ni, 2-52(1) -Ni, 2-88(1)

THE CRYSTAL STRUCTURE OF PuNj,

the type used to develop PuNis and other similar
structures (Cromer & Larson, 1959). Fig. 2(a) shows
several unit cells of PuNis (CaCus structure type).
In order to derive PuNis from PuNis the layer of
atoms at 2=} in every third unit cell is removed, as
indicated by the encircled atoms in Fig. 2(a). This
operation changes the symmetry to C2/m with a
monoclinic § angle of 90°. The structure is then col-
lapsed in order to fill up the vacated space. The Ni
atoms in the layers next to the layer that was removed
approach each other and move slightly out of the
planes of the Pu atoms. A rotation of 10° about the
b axis permits the exposed atoms to assume normal
interatomic distances and produces the monoclinic 8
angle of 100°.

Pu; has two Pu and 18 Ni neighbors in an arrange-
ment essentially the same as the Pu in PuNis;. Pus
has two Pu and 14 Ni neighbors. There are six Ni
atoms approximately coplanar with Pus; and on one
side there are six Ni atoms and one Pu atom. Thus
far the coordination is about the same as it is in PuNis.
However, on the other side of Pus there are only three
neighbors, one Pu atom and two Ni atoms, arranged
in the form of a triangle. Thus the two Pu neighbors
of Pus form an angular rather than a linear group of
three. Nij, Nis and Nis each have four Pu and eight
Ni neighbors arranged in distorted icosohedrons. Nis
has three Pu and nine Ni neighbors in a coordination,
similar to the twofold Ni in the PuNis structure.

We are indebted to Mr V. O. Strueblng for prepara-
tion of the alloy.
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