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cases substantially empty). These sites tend to be 
occupied by elements at and to the right of Mn, 
and the atoms would be somewhat negative by electron 
transfer. In  the other coordinations the d degeneracy 
is removed, and d, s, and p orbitals might be expected 
to hybridize to form directed bonds in the 6-coor- 
dinated ligand directions. These sites tend to be 
occupied by elements at and to the left of Cr and Mo 
(Kasper & Waterstrat,  1956), with Mo replacing Cr 
in the higher coordinations because of larger size; 
these atoms would then be somewhat positive by elec- 
tron transfer. These considerations will be discussed 
more in detail elsewhere (Shoemaker, 1960). 

Some preliminary single-crystal exploration was 
done by Dr Clara B. Shoemaker; reference to her 
photographs material ly aided in the establishment of 
the monocrystall inity of the crystal fragment which 
we used. Mr Paul Metzger assisted with the refinement 
of the lattice constants with powder data. 

We wish to thank Prof. Paul A. Beck of the Univer- 
sity of Illinois for supplying us with R phase specimens 
and for much helpful assistance and discussion. We 
gratefully acknowledge the use of the IBM 704 at the 
MIT Computation Center, and wish to thank Prof. 
Vladimir Vand of Pennsylvania State University for 
Programming and operating suggestions. We are also 

happy to acknowledge the financial support of the 
Office of Ordnance Research. 
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Single-crystal X-ray diffraction studies of the c$ phase, Mo-Ni (61.1 weight percent Mo) have shown 
that it is at least pseudotetragonal, with a 0 = 9.108, c o = 8.852 A, and extinctions suggesting space 
group D~-P42212. There are, however, a few cases of differing intensity between (hkl) and (khl), 
indicating a reduction of the true Laue symmetry to D2a; the true space group is perhaps P21212 or 
P21212 P The (0/el) and (hO1) weighted reciprocal lattice nets closely resemble the (h/e0) net of the 

phase. All attempts to determine the structure in detail were unsuccessful. 

Introduction 

In  connection with work in these laboratories on the 
crystal structures of the P phase, Mo-Ni-Cr (Shoe- 
maker, Shoemaker & Wilson, 1957) and the R phase 
Mo-Co-Cr (Komura, Sly & Shoemaker, 1960), we 
undertook to investigate the crystal structure of the 

phase, Mo-Ni, discovered by Ellinger (1942). This 

* Sponsored by Office of Ordnance Research. Computations 
were done in part at the MIT Computation Center, in part on 
X-RAC at Pennsylvania State University. 

t Present address: ~¢Iullard Research Laboratories, Sal- 
fords, Redhill, England. 

phase appeared to be closely related to the a phase 
(Bergman & Shoemaker, 1954) and to the P phase, 
as was demonstrated clearly in the work of Beck and 
coworkers (Rideout et al., 1951) who found a, P, and 

phase regions arranged in a roughly linear row on 
the Mo-Ni-Cr phase diagram at 1200 °C. The ~ phase 
in the Mo-Ni system exists at the approximate atomic 
ratio 1 : 1, in the range 61 to 63 weight percent molyb- 
denum. 

Experimental  

A specimen of this alloy, annealed at 1200 °C., was 
kindly supplied by Prof. Paul A. Beck of the Univer- 



586 X-RAY DIFFRACTION STUDIES OF THE ~ PHASE, Mo-Ni 

202 

212 

31o 

lO3 

311 

113 

320 

3o2 

321 
312 

~OO 

~1o 
~oi 
322 

io~ 

411 

3o3 

114 
331 

313 

4~o 

412 

332 

323 

422 

~3o 

413 

314 
5~ 

32k 

441 

225 

531 

~2 

53~ 

523 

325 

621 

612 

h3k 

5oh 

541 
206 

Table 1. X-ray powder photographic data for (~-MoNi 
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sity of Illinois. As with the other phases mentioned 
the material  was microcrystalline, and it was neces- 
sary to pulverize the material and examine many small 
Iragments by Laue photography to find a single crys- 
tal. The monocrystalline fragments finally used were 
about 0.1 mm. in size. With Laue, Weissenberg, and 
precession photographs the Laue symmetry  and lattice 
constants were obtained. The lattice constants were 
later refined with powder data (Table 1) by the 
method used by Shoemaker, Shoemaker & Wilson 
(1957), giving a0=9.108_+ 0-005, c0=8.852 +- 0.005 /~. 
The mF~/lO0 values given in Table 1 were calculated 
from single crystal observed intensities. Planes too 
weak to contribute significantly are omitted. 

The Laue symmetry  at  first appeared to be Dan, 

but  significant intensity differences were found for a 
small number of weak and medium reflections (most 
noticeably at small Bragg angles, but  present also a t  
larger angles) indicating a reduction of symmetry to 
D2h. In nearly all of our subsequent work these 
deviations were neglected, and averages of (hkl) and 
(khl) intensities were employed where necessary. No 
deviation from tetragonal symmetry was observable 
in the axial lengths. The intensity deviations do not 
appear to be due to absorption; two different crystal 
fragments gave similar results. 

The percentage of molybdenum was found by analysis 
to be 61.1 + 0.3 weight percent. The density was found 
to be 9.71 +0.01 g.cm. -8 with a pycnometer. These 
figures lead to 55.8+_0.2 atoms per unit  cell. This 
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strongly indicates 56, but  low values found for the 
P and R phases (presumably due to slag inclusions) 
suggest tha t  57 or 58 are also possible. 
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Fig. 1. Weighted reciprocal lattice nets of d, ~, and P phases. 
Relative intensities are indicated qualitatively by the sizes 
of the dots. 

The lattice is primitive. All odd (h00), (0/c0), and 
(00/) reflections are absent. (Of the (00l) reflections 
only (004), (006), and (0,0,12) were observed within 
the copper limit.) These results suggest the space group 
(assuming the tetragonal system) 

D~-P42212 . 

Strong indications of a close structural relationship 
between the ~ and P phases were shown, not only by 
the lattice constants, but  also by the fact tha t  the 
(0/cl) and (hOl) weighted reciprocal nets strongly re- 
semble the (h/c0) net of the sigma phase. This is shown 
in Fig. 1. The (h/c0) net looks very different ; its strongest 
plane is (420). 

Three-dimensional Patterson functions were cal- 
culated with three-dimensional Cu K s  Weissenberg 
data. A function calculated on the IBM 704 (program 
written by W. G. Sly) with orthorhombic intensity 
deviations taken into account differed only in very 
minor respects from one calculated earlier on X-RAC 
with coefficients conforming to tetragonal symmetry.  
Characteristic features of the Patterson function in- 
clude: (1) very strong peaks at  (½, ½, 0) and (0, ½, 0.15), 
with magnitude close to half tha t  of the origin peak; 

(2) absence of peaks along (x, x, 0; z .  ½) and of any 
but  weak peaks along (x, 0, 0), implying absence of 
vertical mirror planes, in agreement with the above 
provisional space group; (3) strong peaks belonging to 
superimposed slightly distorted hexagonal nets (as in 
the a phase), the net planes being t ipped about 15 ° 
from the vertical positions occupied by (I00) and (010). 

All a t tempts  to elucidate the structure in detail 
have been unsuccessful. These include use of the 
Patterson superposition (vector convergence) method 
to locate some atoms provisionally, computations of 
electron-density functions in three dimensions to find 
more atoms, and a t tempted  least-squares refinement 
of trial  structures. Many at tempts  to build up a 
reasonable trial structure out of known coordination 
polyhedra have also failed. These failures suggest tha t  
the assumed space group is not correct, and perhaps 
also tha t  the observed deviations from tetragonal 
symmetry  need to be taken seriously. 

If the true structure represents a small orthorhombic 
deviation from an 'ideal' tetragonal P42212 structure, 
the true space group could be the subgroup P2~212. 
However, if the deviations are in the atomic positions 
(rather than in occupancy by  various atomic species 
in various sites), one would expect deviations in 
intensity between (hkl) and (khl) to increase with scat- 
tering angle. Perhaps the structure deviates not slightly 
but  considerably from tetragonal symmetry  (having 
perhaps space group P212121), but  is int imately and 
interpenetratingly twinned. 

Work on this problem has been stopped for the 
present. 

We wish to thank Prof. Paul A. Beck of the Uni- 
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sky of Pennsylvania State University for his coopera- 
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