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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 materially aided in the establishment of
the monocrystallinity 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
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X-Ray Diffraction Studies of the § Phase, Mo-Ni*
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Single-crystal X-ray diffraction studies of the § phase, Mo—Ni (61-1 weight percent Mo) have shown
that it is at least pseudotetragonal, with ay=9-108, ¢, =8-852 A, and extinctions suggesting space
group Df-P4,2,2. There are, however, a few cases of differing intensity between (khkl) and (khl),
indicating a reduction of the true Laue symmetry to D,;; the true space group is perhaps P2,2,2 or
P2,2,2,. The (0kl) and (h0l) weighted reciprocal lattice nets closely resemble the (hk0) net of the
o 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
0 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: Mullard Research Laboratories, Sal-
fords, Redhill, England.

phase appeared to be closely related to the ¢ 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 o, P, and
0 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-
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Table 1. X-ray powder photographic data for 6-MoNi
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hke T bk Tes 1 ke T 3
0 a3 obs 100 . obs  q - I0 T, obs  dg.
202 8 3151 — 514 70 W95 - 821 69 9124
om 7 3305  — 216 18  .7209 -7 w2 12 .9136% ww 9140
o 5 '3336 s 26 7230 812 106 .9136
o e : ot - 533 83 .rakkf T 7246 724 20 9182 —
w1 e 35 2 A — 635 58 .o082
-3 - 630 28 1365 vt L7345 o £t 9324
3w 12 L3651 — .93
sk2 T L1385 £ L7386 B2 26 .33 —
13 66 .38 W 3748 b 48 .mae .
320 22 3959 v +3997 1 ¥ .7&52} * TH5T 28 13 9365 —
302 9 J399% — 226 120 <7456 830 1 9381 —
4as5 56 . Th8L 831 97 .9hkg
21 A6 .
312 33 .mz} n k2 613 1 qu89f ¥ 748l 636 61 .91.52} % 62
23 13 14185 632 37 JTIO8 v .T109 T 3 3: 9479
_ 73 18 .950
K00 10 k392 vr L4383 700 18,7768 KEAR ‘9512} R 9521
ﬁ(l)g 11 .11:521 \ 543 19 .1805 — 616 82  .9516
e S B M337 53 185  .783 m L7841 28 29 .95 —
208 o  A6s0 — 71 18 L7846 — 626 25 .9708 —
M1 W5 MEEE  m 6T 32 A By — BB o 972
303 B 4726 vt 4743 505 N L7877 v .7900 516 s2 .9765
nk 86 M) 4801 6o k6 L7918 — 725 18 .om8f ¥ -9787
33 1n 4793 * 515 136 «7953 Al .7963 81k 18 .9878
313 528 4852  vs 4875 720 16 .7993 a8 .88s) T -9887
641 109 .7998} w 8007
::22(: :ﬁ .h9;o v 4916 702 133 .81 833 :5 J99TH VT 49975
+5039 753 5 1.0035 T 1,0039
N o 29t .5042 61 16 806k —
\ I 50 8073 735 25 1.0091 i 1.0061 2
2 15 5143 - 552 29 .8086} m .8083 118 29 1.0108 —
332 119 5177 v .5183 712 166 .8086 8ol 15 1.0119 —
13;23 ’:‘ '5:11 - N 633 19 ':108 - 760 47 1.0123 £ 1.0111
22 2 5M05 W -5410 525 3% ATl L 8180 761 2h  1.0186
430 27 .5490  vf .5503 207 35 6207 921 16 1.0186} Vi 1.0185
M3 W 655 — iz 22 B2k — 92 10 1.0196 —
b 3B .68Y sm2 ar 15 Bdo — 119 35 1.0285
1 1 .57 . 624 11 8285 — ¥8 31 1.0280 £ 1.0%0
3k 12 L6007 — 722 18 8307 — ggg o iome
Ll 1 6313 vE 6310 Skl 11 8357 — 813 16 1.0 v 1.0368
225 15 .6k6  vr 6468 426 39 .8370 vf 8385 209 35 1l.0k01  —
531 12 6501 @ — 731 42 838 vf 8450 5% 15 1.0470
M2 20 L6609 vf L6619 553 18 LML — 126 16 1:0&80} vE o 1.0489
532 26 6789 vf 6789 227 104 8496 v 8517 627 23 1,052% vf 1,0542
523 10 6815 — 535 i 8538  — 508 10 1.057+ —
325 20 6897  vr .6919 615 19 8747 vt 8755 518 27 1.0631 v 1.0602
621 11 7035 — o .ggg'ﬁ} v 8913 932 18 1.0658 —
612 13 o051 — y 73 15 1.0675} vt 1.0666
L3 1k .70 625 58 .8951 T .8970 923 13 1.06T5, .
sob 12 L7110 Th 13 8983 — 19 N 1073 —
sip 28 .ma) . T2 s45 13 .08 — 588 26 1.0800 vf  1.079
206 ko .m25 . 82 718 .00 f 9068

* s = strong, m = medium, w = weak, = faint, v = very

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
fragments 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 ao=9-108 +0-005, co=8-852+0-005 A.
The mF2[/100 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 Da,

but significant intensity differences were found for a
small number of weak and medium reflections (most
noticeably at small Bragg angles, but present also at
larger angles) indicating a reduction of symmetry to
Dgp. In nearly all of our subsequent work these
deviations were neglected, and averages of (hkl) and
(kRl) 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 971 4+0-01 g.cm.-3 with a pycnometer. These
figures lead to 55-840-2 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 that 57 or 58 are also possible.

l
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Fig. 1. Weighted reciprocal lattice nets of J, g, and P phases.
Relative intensities are indicated qualitatively by the sizes
of the dots.

The lattice is primitive. All odd (200), (0£0), and
(00l) reflections are absent. (Of the (00I) reflections
only (004), (006), and (0,0,12) were observed within
the copper limit.) These results suggest the space group
(assuming the tetragonal system)

DS-P4;2,2 .

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 that the
(0kl) and (hOl) weighted reciprocal nets strongly re-
semble the (k0) net of the sigma phase. This is shown
in Fig. 1. The (h%0) net looks very different ; its strongest
plane is (420).

Three-dimensional Patterson functions were cal-
culated with three-dimensional Cu Kx 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 (}, 4, 0) and (0, %, 0-15),
with magnitude close to half that of the origin peak;
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(2) absence of peaks along (x, x,0; z%14) and of any
but weak peaks along (2,0, 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 o phase), the net planes being tipped about 15°
from the vertical positions occupied by (100) and (010).

All attempts 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 attempted least-squares refinement
of trial structures. Many attempts to build up a
reasonable trial structure out of known coordination
polyhedra have also failed. These failures suggest that
the assumed space group is not correct, and perhaps
also that the observed deviations from tetragonal
symmetry need to be taken seriously.

If the true structure represents a small orthorhombic
deviation from an ‘ideal’ tetragonal P4,2;2 structure,
the true space group could be the subgroup P2:2;2.
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 (kkl) to increase with scat-
tering angle. Perhaps the structure deviates not slightly
but considerably from tetragonal symmetry (having
perhaps space group P2:2:21), but is intimately and
interpenetratingly twinned.

Work on this problem has been stopped for the
present.

We wish to thank Prof. Paul A. Beck of the Uni-
versity of Illinois for supplying us with specimens and
for helpful suggestions. We are indebted to Dr William
G. Sly for programming and computational assistance
with the IBM 704 calculations, and Prof. Ray Pepin-
sky of Pennsylvania State University for his coopera-
tion in regard to the use of X-RAC. Analytical and
density determinations were made by Mr Frank C.
Wilson, and powder-data calculations by Mr A.D.
Pearson.

We gratefully acknowledge financial support from
the Office of Ordnance Research, and the use of the
facilities of the MIT Computation Center.
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