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The Crystal Structure of the /~  Phase, Mo-Co-Cr.* 
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The crystal structure of the R phase in the Mo-Co-Cr system, with atom ratio 30.4-51.3-18.3, has 
been determined by single-crystal X-ray diffraction analysis. The crystal has space group C~i-R-3, 
with 53 atoms per rhombohedral cell. The rhombohedral lattice constants are a 0 = 9.011 /~, a = 
74 ° 27"5', hexagonal lattice constants a 0 = 10.903, c o = 19.342 A. The structure is closely related to 
those of other transition-group phases such as the a phase (Fe-Cr and many  other systems), P phase 
(Mo-lXli-Cr and Mo-Ni-Fe), Z phase (~-Mn, Mo-Fe-Cr), and/~ phase (Mo-Co and other systems). 
The/~  phase field lies directly between the ~ and/~ phase fields on the Mo-Co-Cr ternary phase 
diagram. The R phase exhibits 12-fold (icosahedral), 14-fold, 15-fold, and 16-fold atomic coordina- 
tion, which are the coordinations shown in various combinations by the other phases mentioned. 
Like the others (except X), the R phase has exclusively tetrahedral interstices. As with the P and 

phases, but  to a somewhat lesser degree, interatomic distances in the R phase agree with sums 
of characteristic radii, which are different for five- and six-coordinated ligands for each type of 
coordination. As in the case of the P phase, the molybdenum content of the atomic sites increases 
with coordination from approximately zero for coordination 12 to approximately 100~/o for coor- 
dination 16. 

Introduction 

The present  invest igat ion was carried out as a par t  of 
a program concerned wi th  the invest igat ion of the 
structures of some phases found in te rnary  systems of 
t ransi t ion group elements b y  Beck and  coworkers 
(Rideout et al., 1951). These and other phases which 
appear  to be interre la ted in their  s t ructural  features 
and  phase behavior  include the a phase (Fe-Cr, Co-Cr, 
and  m a n y  other systems), the P phase (Mo-Ni-Cr, 
Mo-Ni-Fe) ,  the  del ta  phase (Mo-Ni), the /~ phase 
(Mo-Co and  other systems), the  Z phase (c~-Mn, 
Mo-Fe-Cr) .  (References for these structures are cited 
by  Shoemaker,  Shoemaker  & Wilson, 1957.) The 
fl-tungsten and  Laves -Fr i au f  phases (MgCu2, MgZn2, 
MgNi2) have structures tha t  are less complex than  the  
others cited, bu t  related to them. Most of these phases 
appear  to meri t  the designation of 'electron compound' ,  
since for a given structure the  atomic composition is 
roughly de termined by  the electron content. 

On the  Mo-Co-Cr phase d iagram at  1200 °C., the 
R phase, wi th  a tom ratio in the neighborhood of 
30-49-21, lies between a a phase at  about  0-32-68 
to 20-48-32 and a ,u phase at  about  36-49-14 to 
48-52-0.  The R phase, like the P phase, was discovered 
by  Beck and coworkers (Rideout et al., 1951). 

Through the kindness of Prof. Pau l  A. Beck of the 
Univers i ty  of Illinois, specimens of R phase, with a tom 
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ratio 30.4-51.3-18.3 (by chemical  analysis),  annealed 
m a n y  hr. at  1200 °C., were made  avai lable  to us for 
the  X-ray  crystal lographic s tudy here described. Some 
pre l iminary  results have a l ready been reported (Ko- 
mura,  Shoemaker  & Shoemaker,  1957). 

Unit cell  and space group 

In  this  work, as in the previous work on the a and P 
phases, i t  was necessary to select m a n y  very  smal l  
f ragments  from the pulverized alloy, moun t  them,  
and  examine  them by  Laue photography in order to 
f ind and orient single crystals. A procedure f requent ly  
useful in the absence of morphological clues to sym- 
me t ry  and  orientation is to take Laue photographs 
at  a succession of tr ial  az imuths  unt i l  a mirror  plane 
is encountered. In  the  present  instance no mirror  
was found;  wi th  the weak pat terns  obtained (even 
after  24 hr. exposure) it was even difficult  to deter- 
mine whether  f ragments  examined  were single crys- 
tals, unt i l  by  accident  s imilar  pat terns  were obtained 
with two different  fragments ,  and later  with two 
different  settings of one fragment .  The la t ter  f inding 
led to the discovery of a three-fold rotat ion axis. 
No Laue s y m m e t r y  was found higher t han  C3,-3, the 
only centrosymmetr ic  class besides C,-1 tha t  has no 
mirror  plane. All la ter  single crystal  work was done 
with one fragment ,  a t iny  flake less t han  0"05 ram. 
in its longest dimension, mounted  on a glass fiber 
with fused shellac. 

The lat t ice was established as rhombohedra l  with the 
aid of a gnomonic projection of a Laue photograph.  
Wi th  Weissenberg and  oscillation photographs the  
axial  lengths were obtained,  al though very  few re- 
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Table 1 . P o w d e r  photographic  data*  

1 io#bs hk~ 1 1 
1 ~ aobs' %al aob~ dca I " , Ica I -- Iobs 

131 .3854 3.1 .3847 f 333 .5718 2.5 

31e .3956 ~.3 416 .5760 8.6 .5764 f(b) 

223 .3983 6.22 O.l.ll .5784 0.5 .5800 f 
027 .4193 1.8 .~194 vf .~ 

.~917 f 3.0.12 .6970 2.0 .6985 f(b) 
~0~ .~268 1.61 .4275 w, 612 .7O22 8.O .7031 f(h) 
o18 .4269 18.4J 0.2.13 .7o46 1.8 
13~ .43kA ii.o .4350 £ 

6O6 .7071 4.4 
042 .4361 1.8 

0.4. l l  .7091 3.2 
3o6 .~o 6.8 .k~63 vf .TA57 ~(b) 
el7 .4577 78.4 .4581 vs 

158 .7293 o.9} 
315 .4611 84.0 .4614 vs 339 .7297 4.2 

3P-I .4646 : 5 }  .4670 ~ 526 .7306 9 . 5 l  
2o8 .4647 ~ 0.l.14 .731~ 5.9 .7318 w 

I 4o4 .4T14 9.1 2.3.11 .7325 2.4 
232 .~731 70.5 .473~ vs 0.5.10 .7hOl 0.9 
226 .4804 1.9 701 .7432 5.2 .7432 f(b) 

410 .I~54 62.2 .4857 vs hI~3 .7500 1.5 .7499 f 

045 .4963 46.4 .4960 s 2.0.I~ .7541 0.6 .7510 f(b) 

128 .4996 51.4 1 2.4.10 .7625 0.6 .7587 f(b) ? 
119 .5001 33.6~ .5008 vs .7625 f(h) 

324 .5059 36.9 .5056 m 348 .7656 1.0 .7667 f 

413 .5095 28.8 .5080 v 704 .76978.7 
o7698 

137 .5261 8.8 .5217 vf 262 .77o7 2.3 

1.0.I0 .5277 15.1~ 0.0.15 .T/54 6.3 .7726 f ? 
235 .5291 12.6S .5289 ~w 1.2.14 .7761 17.5 .778o m, 

051 .5321 2.5 5.1.10 "7842 1.4 I 
502 -5396 9.7 .5382 vw 535 .7852 20.3. .7848 w 

609 .7876 15.4~ 
0.2.10 .5587 0.6 .5575 vw ~.1.12 .7877 16.5~ .7876 mw 
241 .5628 2.3} 
309 .5634 16.2 .5624 v(b) 624 .7913 1.3 .7987 w 

054 .5685 2.1 .5690 w 1.1.15 .7968 1.3~ 
4.2.Lt .7984 3.8j .7972 f 

1 1 
hk$ dcal Ical hobs I°bs 

710 .7996 22.7 .7998 vw 

.ao29 f ( , )  
265 .8o63 12.6 .8o74 f 

618 .8083 1.8} 
529 .8o87 29.1 .8o98 ms 

713 .8145 23.9~ .8162 s 
3.2.13 .8153 lO.5J 
3.1.14 .8~83 6.'~ .8189 vf 1.5.11 .8192 1. 4J 

.8211 Z 

707 .8250 12.11 .8264 w 
4.3.10 .8260 6.7J 

541 .8~88 8.~ .8313 f 
3.3.12 .8293 5. 

452 .83371.51} 
1.0.16 .8339 2. 

3.0.15 .838b .8376 mw 

630 .8407 5.3 .8~08 w 

627 .8452 I.O .~5o vf 

081 .8489 5.2 .8498 vvf 

9¢nk~: based on hexagonal axes 

I/dcal: frcm final lattice constants 

Ica I = KmFa: from single-crystal in- 
tensity data 

I/dobs: average of FaK~ and CrK~ data 

lobs: average ~ow~er-line intensity 

W~No significant lines predicted, and 
none observed~ in this range 

t s = strong, m = medil~m, ~ = ~;eak, 
2" = faint, b = broad, v = very 

flections were observed on the equatorial Weissenberg 
photograph. 

The lattice constants were eventually refined with 
powder data obtained with Fe K s  and Cr K s  radia- 
tion. The powder lines, measured from photographs 
taken on a 114.59 ram. Philips powder camera (Strau- 
manis arrangement), were indexed with the aid of a 
predicted powder diagram based on three-dimensional 
single-crystal intensity data, and the lattice constants 
were refined by least squares by the procedure used 
for the P phase (Shoemaker, Shoemaker & Wilson, 
1957). The powder data are given in Table 1. The final 
values of the lattice constants are: 

l~hombohedra l  H e x a g o n a l  

%=9.011__0 .005  A % = 1 0 . 9 0 3 + 0 . 0 0 5  A 
o~ ----74 ° 27.5"+2" c0 = 19-342_+0.011 A 

The density was measured by displacement in a 
pycnometer. Six independent measurements yielded 
an average value of 9.011 g.cm. -a with an average 
deviation of 0.013. With the given composition this 
corresponds to 50.92 atoms per rhombohedral cell, 
suggesting the number 51. Our experience with the 

P phase (which apparently had a density lower than 
the calculated value because of slag inclusions) sug- 
gested that the number of atoms could be higher--  
52, 53, or even possibly 54. 

The only two space groups compatible with the 
rhombohedral lattice and the observed Laue symmetry 
are R3 and R3. The latter was provisionally assumed 
in the subsequent work, and eventually found to be 
the correct one. 

De terminat ion  of the s tructure  

The provisionally assumed space group R3 has two 
sets of 3-fold special positions, but these did not appear 
to be occupied since peaks required by them in the 
basal plane Patterson projection (Fig. 1) are not ob- 
served. The only other special positions lie on the 
three-fold rotation axes. The general positions in this 
space group are 6-fold. With 51 to 53 atoms per 
rhombohedral cell (with a 19.3 J[ hexagonal c-repeat) 
it is clear that three to five must lie on the three-fold 
axis. With 54 atoms, the number could be either zero 
or six. However, if there are no atoms on the axis, 
or indeed any fewer than four per cell, it is clear that 
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interstices must be present on the axis that  are not 
tetrahedral. Although a few models with one or a few 
octahedral interstices were examined, the virtual 
absence of other than tetrahedral interstices in the 
other known transition alloy complex structures made 
it seem probable that  only tetrahedral interstices are 
present in the R phase. Thus it appeared that  there 
are four, five, or perhaps six atoms on the axis per 
unit cell. 

~ ' " " - . . ~  . . . . .  

, ".~. . ..... ; ...... ~..- b 

~ ,,-£,,, ,.-.--~ ....... ~..-,~)) "t.~... (0-./o(.9~ 
........ ........ 

° °x >:b7 
.... ...... / 

'i@::::!-i ....... 

Fig. 1. Pat terson projection on basal plane. 

This circumstance requires that  four to six atoms 
be superimposed in projection on the basal plane, 
making it probable that  in such a projection they 
behave like a single 'heavy atom', making the signs 
positive for most or all of the large structure factors 
in the (hk0)hex zone. The basal plane Patterson pro- 
jection (Fig. 1) should therefore be expected to re- 
semble closely an electron-density projection of the 
structure. In this projection a cluster of peaks surround 
the origin and other lattice points. The strong peaks 
in each cluster suggest immediately a projection of a 
regular icosahedron. 

These considerations led us to consider possible 
configurations of icosahedra, and other of the co- 
ordination polyhedra that  were encountered in the 

and P phases, with their four, five or six central 
atoms on the three-fold axis, and with sharing of 
vertices or faces. 

After a number of trials, a promising arrangement 
was found with five atoms. This consisted of three 
icosahedra and two CN 16 polyhedra (octicosahedra), 
the icosahedra sharing triangular faces with each other 
and with the CN 16 polyhedra, and the latter mutually 
sharing a six-membered ring. The atoms of the CN 16 
polyhedra, except for those in the six-membered ring, 
project together with all but one kind of icosahedral 
atoms (B2) onto the strong peaks of the Patterson 
projection. The weak peaks are reasonably well ac- 
counted for by the remaining atoms (6-ring and B2). 

The chain of polyhedra accounts for one one-fold 
and two two-fold sets of special positions, and eight 
six-fold sets of general positions, totalling 53 atoms 

,::i .... "'":? 
/ /  / 1  

/i,.,i / i 

/ /  / / 
f" Bt ", i 
4 ",. 

",.., 

Fig. 2. R phase structure : chain of packing polyhedra 
along three-fold axis. 

per rhombohedral cell. The structure consists of such 
chains packed together, one running along each three- 
fold axis. Two configurations for the chain, related 
by a reflection in the basal plane or a 60 ° rotation, 
had to be considered; the construction of models of 
both showed clearly that  one and only one of them 
yields a plausible structure from the packing stand- 
point. In this one, it was possible to identify the coor- 
dinations of all of the atoms in terms of the CN 12, 
14, 15, and 16 polyhedra previously encountered in 
the o" and P phases. Moreover, this structure yielded 
three-dimensional calculated structure factors in rea- 
sonable agreement with the observed. The chain is 
shown in its correct configuration, in relation to the 
rhombohedral unit cell, in Fig. 2. 

P a r a m e t e r  ref inement  

Intensity data for refinement were obtained by visual 
estimation of intensities of diffraction spots on mul- 
tiple-film equi-inclination Weissenberg photographs, 
with the aid of intensity strips, in the usual way. 
The crystal was rotated around the three-fold axis for 
l a y e r s / = 0  to l=  16, and around [ll0]hex. for the first 
five layers. Copper K0¢ radiation was used. Owing in 
part to the smallness of the crystal (and despite 
exposures of 150-200 hr.), but also in large part to 
the rather unusual distribution of intensities that  is 
peculiar to structures of this kind, 521 of the 900 non- 
equivalent planes accessible to observation were too 
weak to be observed. 

Because at the time the approximate structure was 
obtained our computing facilities for least-squares 
refinement were not yet ready, an interim attempt 
was made to obtain some 'refinement' without recourse 
to intensity data, by attempting to minimize devia- 

39* 
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t ions between in tera tomic  distances calculated from 
atomic coordinates and  distances obtained from radius 
sums for the  corresponding polyhedra  (as found for 
the  P phase). This was done by a procedure t a n t a m o u n t  
to a diagonal  least-squares t r e a tmen t ;  in each cycle, 
the  distances were calculated, and  the  differences 
between them and  radius sums were averaged to 
obta in  shifts. Six cycles were carried through to ap- 
p rox imate  convergence, accomplishing about  half  of 
the  u l t imate  ref inement ;  the  average deviat ion of the  
pa ramete r s  from their  final values was reduced from 
0.0084 to 0"0039. These calculations were of value in 
showing t h a t  the  s t ruc tura l  geometry  itself imposes 
certain limits on the  degree of u l t imate  agreement  
between actual  distances and  radius sums, since a 
number  of large (0.1-0.2 A) deviations remained af ter  
this t r e a tmen t ;  these were, for the most  par t ,  for the  
same a tom pairs for which large distance deviations 
were found af ter  u l t imate  ref inement  with X - r a y  
intensities. 

In tens i ty  ref inement  was carried out by  the  method  
of least squares on the IBM 704 computer,  with the 
program N Y  X R  1 developed by  D. Sayre  and mod- 
ified by  V. Vand.  This p rogram omits off-diagonal 
normal-equat ion  coefficients. All observations in- 
cluded in the  ref inement  were weighted equally. In  
the  early stages, all planes accessible to observat ion 
were included, bu t  in the la ter  stages the  unobserved 
planes were omitted.  _Also omit ted  in the  la ter  stages 
were twenty- three  reflections which seemed liable to 
suspicion of abnormal  error or mis-identification. All 
of these were observed considerably s tronger  t han  
calculated, and  most  were near  the  edge of the sphere 
of reflection. As the  films contain m a n y  random spots 
clearly due to misoriented a t t ached  crystal  f ragments ,  
it  is likely t h a t  some such spots were mis taken for spots 
due to the main  crystal .  

To determine approx imate ly  the  occupancy of 
atomic sites wi th  molybdenum atoms, some refine- 
ment  with respect to 'a tomic numbers '  or 'a tomic 
scale paramete rs '  for the  several kinds of atomic sites 
was carried out. This was done with a modificat ion 
of I~Y X R  1, in which these paramete rs  replaced the  
t empera tu re  factor  parameters .  

Following th i r teen cycles of pre l iminary  ref inement ,  
and two cycles of a tomic number  ref inement ,  the  form 
factors for the  various sites were ad jus ted  in accord 
with the  atomic numbers  obtained and  three  addi-  
t ional cycles of positional and  t empera tu re  fac tor  
ref inement  and one of t empera tu re  factor  ref inement  
alone were carried out. In  these final cycles, T h o m a s -  
Fe rmi -D i r ac  (TFD) form factors (Thomas & Umeda ,  
1957) were used, in l inear combinations of cobalt  and  
molybdenum suggested by  the  atomic number  results.  
These form factors were corrected for anomalous  
dispersion in accordance with the  table  of Dauben  & 
Templeton (1955). The final values of the  positional,  
t empera tu re  factor,  and atomic number  pa ramete r s  
are given in Table 2, together  with the  approx ima te  
molybdenum percentages assumed for calculating 
s t ructure  factors.  The positional paramete rs  are given 
in terms of the hexagonal  cell ( 'obverse'  relat ionship;  
rhombohedral  lat t ice points a t  0, 0, 0; e ~, ½, ~, ~, ~, ~). 
In  Table 3 the final calculated s t ructure  factors are 
compared with the  observed. The s t ructure  factors are 
scaled to the  159-atom hexagonal  cell. The final 
reliabil i ty factor,  R, was 9.6% for the  reflections 
included in the refinement.  

Discuss ion  

The structure,  shown in various aspects in Figs. 2 
to 6, is of lower s y m m e t r y  t h a n  any  of the  other  
t rans i t ion group alloy phases of known s t ructure  t h a t  
have  been here ment ioned;  this and its evident  com- 
plexi ty  make  detailed comparisons with  the  other  
s t ructures  difficult. Some direct s t ruc tura l  relation- 
ships with the  a phase (Bergman & Shoemaker ,  1954) 
and P phase (Shoemaker,  Shoemaker  & Wilson, 1957) 
can be seen, however,  by  means of an axis t rans forma-  
tion, 

Table 2. A t o m i c  parameters  

(a) (0 i)(ahex) 
b '  = ~ ~ • b h e x .  

C' --½ ½ Chex. (100) (ar ) 
= - 1  4 - 1  . brh , 

0 1 0 Crh 

Atom Pos. CN x y z B Zo % Mo* Zassumff 
A1 3(b) 12 0 0 ½ 1-72 27-3 11 26.8 
A2 6(c) 12 0 0 0"3044 1"17 25"3 0 25-0 
A3 18(/) 12 0"1596 0.2470 0.0020 0.59 25.0 0 25-0 
A4 18(/) 12 0"0509 0.2790 0.1000 0.43 25.1 0 25.0 
A5 18(f) 12 0.0212 0.1393 0.1962 1.28 26"3 11 26-8 
A6 18(f) 12 0"2250 0.1969 0.2685 0.40 25"3 0 25.0 

B1 18(f) 14 0.1759 0.1265 0"3969 0"59 35.2 62 35"2 
B2 18(/) 14 0.1132 0"2687 0"4652 0"76 33"8 53 33"8 

C1 18(f) 15 0"0330 0.2579 0"3183 0"59 37.4 76 37-5 

D1 6(c) 16 0 0 0"0735 0"38 44"4 100 41.5 
D2 18(/) 16 0"2671 0"2218 0"1222 0"44 41"8 100 41"5 

* % Mo assumed in a linear combination of Mo and Co form factors used in calculating structure factors. 
Effective form factor at 0----0, based on % 1~o assumed; 0.5 and 2.0 electrons subtracted from f~io and/Co respectively. 
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T a b l e  3 .  Calculated and observed structure factors for R phase 

K FCAL FOBS 

- 1 612  638  
0 K 0 2  B6 199  M 

18 91 : 10 K I 
139 - 148  

9 27 181M - 9 311  32?  
12 109  - 67  M 6 84  1?9  M 

- 3 ./3 1./. /  M 
1 K 0 0 83 * 163  M 

3 3 8 7  322  
I 13 - 6?  M 

1572  1999  11 K 1 
1321 . 3 2  ~ : 

1 42 - 148 M - 16 - 166  
69  1. /4 

2 K 0 - 2 208  287  
1 1 4 6  105  M 

2 45  100  
12 K 1 , j  193 

4 2 1  
:1~ 144 124 

3 K 0 2 - 133  
- t 2./1 20 131 .  ~)- l O , .  

370  366  
g 124  - 139  M 13 K I 

4 g 0 - 9 433  - 431 
6 291  234  

119  - 121M - 3 66  84 M 
427  338  

./ 195 - 172  M 

- : lO~  - 177  M - + su ,  s s6  8 4~  - 448  S ~ - 14e  M - S 1S6 113  
4 999  6 8 2  ~ 106  1 ~  . M 

6 4T9  938  9 K 9 
OK '  9 124  8BM OK7  

- ;  ; ,66 , ,  
0 41 , 9 ,  9 ~ 4  6 , - 6 2 9  2 1 . .  10. 
3 2 1 -  . .  - 2  2 6 9 -  3,8 . 30 1 . 1 .  

111 152  H - 2 91  - 110  M 1 349  - 31"/ 8 184  * 230  
9 34  - 163  M 1 31 133  M 6 1 2 4  82  M 11 289  2 4 7  

4 37  166  M 
1 K 3 7 432  - 464  10  K , 1 K ? 

47  - 128  • - 1 6 6  98  M 
"7 19 181  M - 4 2 /  - 128  M - 1 181  - 133  M 6 132  - 146  

10  363  - 361  - 1 9 - 133  M . 442  $92  . 112  133  
2 12 161  N 

2 K 3 ~ 234  - 290  11 K S 2 K 7 

OK 2 
SKO 

11 - 4T M 
2 28~  2?'9 98 164  

183  M 7 98 - 199  M 
8 296  299 10 182 247  

6K  0 1 K2  

3 4 2 2  399  217 ' 6  1 5 0  
383  443  213  -- 224  

8 53 - 19'2 H 
? K 0 11 226  206  

1 49 - 17S M 2 K 2 
4 103  174  M 

0 71 69  M 
8 K 0 134  166  

6 221  228  
9 244  276 80 - 179  

101 116 
~K2  

9KO 
- 2 134  - 131  

3 904  1 0 3 9 1  263  229  

10 K 0 7 ~ 3~9  . 170327 M 
10 144 79 M 

~. 148  195 M 
4K2  

OK  1 - 21  42  ~ -  1 , 098 :  

213111  12872 I : 806 " 141168 HN 

1~ - 11o  - 177  ~ 3 K 2 
43  3 2 8  

I K 1 - 3 1750  1641  
0 619  - 879  

3 0 2 . ' "  1834'. '612,16 - l : :  : 

41 - 174  6 K 2 

5 K 8 

- 3 10 ~ ~ * 105  

- 141M 
6 56  - 126  N 

6K8  

- 5 84 - 123  N z 194  189  
I 33~ - 3o? 

141M 
7 82 1 1 0  

8 0 -- 99  M - 03 280  - 2'71 
2 ~ 1  - ,  84 1391 - 2  . .  331 ~ , 4 -  621  .36 ?91 

88 128  1 117  157  M 189  133  6 K 6 
4 ~ 110  86 M 1 792  682  18 610  - 548  11 K 7 

376  - 968  4 254  2'97 11 K 3 1 441  336  -- 03 96  -- 146  M 
7 647  "r29 7 181 -- 210  506  4T ,  9 3 2 1  

lo  9 3 -  1 2 4 .  ? K 2  -_17o 1 . -  1 ~ o .  2 K ,  3 1 , 9 -  . ? .  143 139 
192 174  6 191  278  -- 2 97  - 124  M 

3 , 3 , 4 - 3 8 2  30 ~ 8 .  
14 33 1421  1 148 148M 7 697 7 ~ 6  1 2 ~ 7  

151 192  6 992  907  - 1 33 84  : 
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Fig. 3. R phase structure: atomic coordination. 6-coordinated ligands shown as double lines. 
For clarity many atoms (equivalent to other atoms shown) are omitted. 

which yields a primi_t_ive cell. The basal plane of this 
cell is parallel to (135)hex. (equivalent to (415)h+x.), 
very nearly the most strongly reflecting p~n_e in the 
structure. The second order reflection, (2,6,10) (or 
(8,2,10)), is also very strong. On this plane the cell 
edges are: 

a0=9.01 , b0--34.01 , y ' = 9 2 ° 5 9  '. 

For  comparison the corresponding cell edges in the 
orthorhombic P phase and tetragonal a phase are: 

P a (Fe-Cr) 

a 0 -- 9.07 A a 0 = 8.80 fix 
b 0 = 16.98 

However, the c' axis in the transformed cell is not  
even approximately orthogonal to the other two: 

c0=9.01 ~,  a ' - - 2 3  ° 23.6', f l ' =74  ° 27.5'. 

The spacing_of the 'main layers'  (the interplanar 
spacing of (135)) is 2.17/~, while in the P and a phases 
it  is one half the c-repeat, or 2.38 and 2.27 A respec- 
tively. 

The arrangement of the atoms lying on or close to 

the plane at  z'.= ½ is roughly describable as a super- 
structure on a main layer of the P phase or the a phase, 
as may  be seen in Fig. 4. Much the same arrangement 
of hexagonal and pentagonal 'holes' is found in the 
greater par t  of the main layer ('kagom6 tiling';  
F rank  & Kasper, 1959) as is found in the P phase. 
Over most of the cell the deviations of the main-layer 
atoms from z=½ are generally less than about 0.1 
parameter  unit, or 0.2 A. There is, however, a region 
in the cell (where ligands are drawn with dashed lines 
in Fig. 4) which represents a transition from one unit  
cell to the next  and the termination of linear rows of 
hexagonal and pentagonal 'holes'. In  this transit ion 
region there are atoms between the 'main'  and 'sub- 
sidiary' layers. Owing to the obliqueness of the c' axis, 
these transit ion regions lie sandwiched between more- 
or-less normal main-layer regions. The higher-coor- 
dinated atoms, with their larger radii, tend to be 
concentrated in and around these transit ion regions. 

The R phase structure resembles the # phase struc- 
ture (Arnfelt & Westgren, 1935) in being rhombohe- 
dral, though lower in symmetry  and much more com- 
plicated than tha t  structure (D~-RSm, 13 atoms per 
rhombohedral unit  cell). The # phase and the Laves 
phases, like the R phase, possess strings of fused 
polyhedra along three-fold axes (see Fig. 5). Probably 
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Fig. 4. R phase structure: normal projection on (]-35), showing resemblance to P and a phase structures. 
Dashed lines denote ligands to atoms not lying either in the main or in the subsidiary layers. 

the most  significant relat ionship of the R phase with 
the /~  phase, as also with ~ and P and other related 
phases, lies in the occurrence of coordination poly- 
hedra  with coordination numbers  12, 14, 15, and 16 
(designated in the figures and tables as the respective 
types, A, B, C, D) and in the manner  of their  combina- 
t ion so as to yield packing tha t  is essentially te t rahedral  
throughout  (i.e., te t rahedral  interstices only). These 
polyhedra  have been discussed by  Kasper  (1956) in 
relation to complex alloy structures generally. They  
have been discussed in connection with the P and 
phase structures by  Shoemaker,  Shoemaker  & Wilson 
(1957) and in connection with a number  of structures 
including P and  a by  F rank  & Kasper  (1958, 1959). 
As in the  case of the other structures, the l igands in 
the R phase can be divided into two types, 5-coor- 
d inated and 6-coordinated; the la t ter  being general ly 

also, presumably,  in par t  to stronger bonding. These 
are the types referred to by  F rank  & Kasper  as 
'minor '  and 'major '  l igands respectively. 

The 6-coordinated ( 'major ')  l igands form a single 
three-dimensional  network ( 'major skeleton') wi th  
branching at the  15- and  ]6-coordinated atoms, as 
shown in Fig. 6. In  the fact  t ha t  all a toms forming 
major  l igands (coordinations 14, 15, 16) belong to a 
single al l-pervading network, the R phase resembles 
the simple Laves phases (MgCu2, MgZn2 or FEW2, 
MgNi2), and differs from the  more complex/~,  a and  
P phases in which unconnected networks exist  with 
layering and/or interpenetrat ion.  The structure of the  
R phase network is, however, very  complicated, and  
simple or meaningful  relat ionships with those of the 
other structures are hard  to find. 

shorter, due in par t  perhaps to packing geometry but  ~_/] . . . . . . . . . . . . .  / 

i+ + ,+ 

6. R phas~ stru ~ture .. ~ etwo 
radations ~ L hea~ ines.,, ( f i n e s  

z coordinate from 0.00 to 1.00. 

(,~) (b) 

Gradations in heaviness of lines increases with the hexagonal 

In  this  work, as in the  work on the  P phase, an 
a t t empt  was made  to deduce, from the in tera tomic  

(c) distances, 5-coordinated and  6-coordinated radi i  for 
each k ind  of atom, by  least-squares. The result ing 
radii,  and their  averages for each coordination type,  
are given in Table 5. 'Predicted '  in tera tomic distances, 
calculated wi th  these average radii ,  are given in 
Table 6, for comparison with the observed in tera tomic  

Fig. 5. R phase and some related structures: Strings of fused 
polyhedra along 3-fold axes. (a) R phase, entire c-repeat: 
CN 16, 12, 12, 12, 16. (b) ]~ phase, one-half c-repeat: 
CN 12, 15, 16, 14. (CN 12 is shared with lower half, below.) 
(c) MgNi~, entire c-repeat: CN 16, 12, 12, 16). 
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distances, given in Table 4. The differences are some- 
what larger than for the P and a phases, averaging 
to 0.056 ~. in comparison to 0.036 A for P and 
0.039 A for (r. The poorer agreement may  be at t r ibuted 
in some par t  to lower precision in the interatomic dis- 

tances, owing to the relatively scanty intensity data ;  
however, it  is significant tha t  there are eight dif- 
ferences in excess of 0.1 /~, the largest being 0.174/~, 
by  contrast with only one, 0-122 /~, in the P phase. 
Moreover, this seems to be an inherent property of 

A t o m  :No. R pqr 

A1 
B1 6 
B2 6 

A5 3 
A6 3 

B1 3 

C1 3 

A3 2 
A4  
A4" 
A6 32 

B1 32 

C1 3 
C I '  55 

D1 
DI"  T 
D2 
D2 '  ~5 

A3 
A3" 
A5 
A6 

B1 
B2 
B 2 '  

C1 

D1 
D2 
D 2 '  
D 2 "  

A2 
A4  
A5 2 3 
A6 
A6 '  3 

B2 i 

C1 

D1 
D2 3 
/92" 5 
392" 

3 2 
3 
T 

3 

3 
3 

A2 

A3 

12i 
12]  

12]" 
211 

A4 

T l l  

121 
12]. 
122 

12T 

i l l  

A5 

122 

] . l l  

Table 4. Observed interatomic distances 

Do A 

2.629 --21 
2-635 - -27 

Av.  24 

2.528 -- 160 
2.417 - -49  

2.478 130 

2.664 18 

Av.  89 

2.367 1 
2.352 16 
2.428 -- 60 
2.308 60 

2.592 16 

2.722 - -40  
2.687 - -5  

2.740 42 
2-780 2 
2-679 103 
2.765 17 

Av.  30 

2.352 16 
2.428 -- 60 
2.322 46 
2.303 65 

2.533 75 
2.537 71 
2.559 49 

2.774 - -92  

2.852 -- 70 
2.818 - -36  
2.817 -- 35 
2.757 25 

Av.  53 

2.528 -- 160 
2-322 46 
2.455 -- 87 
2.428 -- 60 
2.490 - -122 

2.560 48 

2.665 17 

2.765 17 
2.721 61 
2-674 108 
2.763 19 

Av.  69 

A t o m  No.  

A2 
A3 
A4  
A5 
A5" 

B1 
B2 

C1 
C l '  
CI '"  

D2 
D2 '  

pqr 

A 6  

Do A 

A1 2"635 - -27  
A4  32 111 2.537 71 
A4 '  T 122 2.559 49 
A5 T 122 2.560 48 
A6 T 122 2.570 38 

B1 3 2.836 12 
B I '  ~s 003 2.814 34 
B2 2 3 003 2.881 -- 33 

C1 2.958 -- 36 
CI" T 122 2.912 10 

D2 3 211 3.196 -- 174 

*B1 2.382 42 

*D2 T 122 2.700 -- 52 

Av.  47 

A1 2.629 --21 
A2 2.478 130 
A3 3 211 2.592 16 
A4  3 211 2.533 75 
A6  2.576 32 

B1 2 32 2.968 -- 120 
B2 2-836 12 
B 2 '  3 003 2.814 34 

C1 3.004 -- 82 
CI" T 122 2-832 90 

D2 3 211 3.063 --41 

*B2 2.382 42 

*C1 32 2.560 --41 

Av.  61 

B1 

B2 

2.417 - -49  
3 211 2.308 60 
55 211 2.303 65 

2.428 -- 60 
32 2.490 -- 122 

2.576 32 
T 122 2.570 38 

32 2.685 -- 3 
2.673 9 

T 122 2.550 132 

2.857 -- 75 
T 211 2.738 44 

Av.  57 
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Atom: 

No. : 

R, pqr: 

Do: 
A: 

Atom No. R pqr Do A 

C1 
A2 2.664 18 
A3 32 i l l  2-722 --40 
A3' 3 111 2.687 --5 
A4 32 i l l  2.774 - 9 2  
A5 2.665 17 
A6 3 2.685 -- 3 
A6" 2.673 9 
A6"" T 122 2.550 132 

B1 3.004 -- 82 
BI '  i 122 2.832 90 
B2 2.958 -- 36 
B2" i 122 2.912 10 

*B1 3 2.560 -- 4i 

*G1 i 122 2.597 17 

*D2 3 i l l  2.722 2I 

Av. 41 

D1 
A3 3 2.740 42 
A3' 3 i 2.780 2 
A4 3 2.852 -- 70 
A5 3 2.765 17 

*D1 1 T 2.843 29 
*D2 3 2.859 13 

Av. 29 

Tab le  4 (cont.) 

Atom 1~o. R pqr Do A 

D2 
A3 2.679 103 
A3" ~ 2.765 17 
A4 32 2.818 --36 
A4' ~5 211 2-817 --35 
A4" 2-757 25 
A5 32 2.721 61 
A5' ~5 2-674 108 
A5" 2-763 19 
A6 2.857 -- 75 
A6' T 211 2-738 44 

B1 39- 12i 3.063 -- 41 
B2 32 12i 3.196 -- 174 

*B2 1 122 2.700 -- 52 

*G1 ~5 211 2.722 21 

*D1 2-859 13 
*D2 i 211 2.868 4 

Av. 52 

Overall weighted average 56 

Designation of near neighbor. Primes distinguish among non-equivalently disposed neighbors of the same crystallo- 
graphic kind. 
Number of equivalently disposed neighbors of that kind, if different from unity. 
Operation by which the neighbor is obtained from the one with coordinates listed in Table 2. R is the rotation or 
rotatory inversion or inversion, and pqr represents a subsequent translation p/3, q/3, r/3. 
Interatomic distances in A calculated from parameters given in Table 2. 
Amount in units of 0.001 A, by which the predicted distance (Table 6) differs from Do. 

t h e  s t ruc tu re ,  i n a s m u c h  as a t t e m p t s  to  ' ref ine '  t h e  
p a r a m e t e r s  w i t h o u t  i n t e n s i t y  d a t a  gave  s u b s t a n t i a l l y  
t h e  same  large  differences.  

Tab le  5. S u m m a r y  of radii 

Atom No. r 
A1 1 1.208 A 
A2 2 1.198 
A3 6 1.174 
A4 6 1.180 
A5 6 1.198 
A6 6 1.176 

A 27 1.184 

B1 6 1.422 1.210 A 
B2 6 1.426 1.215 

B 12 1.424 1.212 

G 6 1.498 1.307 

D1 2 1.603 1.419 
D2 6 1.597 1.442 

39 8 1.598 1.436 

Total 53 

Neve r the l e s s  t h e  a g r e e m e n t  is good  e n o u g h  to  
c o r r o b o r a t e  t h e  i nd i ca t i on  o b t a i n e d  w i t h  t h e  a a n d  
P phase  resu l t s  t h a t  t h e  l i gand  rad i i  shou ld  confo rm 

in cons iderab le  degree  to  t he  s y m m e t r y  of t h e  idea l ized  
coo rd ina t i on  p o l y h e d r o n ,  a n d  shou ld  be essen t ia l ly  
c o n s t a n t  for a g iven  a t o m  coo rd ina t i on  a n d  g iven  
l i gand  coord ina t ion .  As w i t h  t h e  P phase  t h e  coor- 
d i n a t i o n  t y p e  is in p a r t  d e t e r m i n e d  b y  a t o m i c  size, 
as shown  b y  t h e  ind ica t ions  t h a t  t h e  m o r e  h i g h l y  
c o o r d i n a t e d  sites are  occup ied  p r e d o m i n a n t l y  b y  
m o l y b d e n u m  a toms .  

Tab le  6. Predicted interatomic distances 

A - A  2.368 /~ *B-B 2.424 A 
A - B  2.608 *B-C 2.519 
A-C 2.682 *.B-D 2-648 
A-D 2.782 

B-B  2"848 *G-G 2-614 
B-G 2.922 *C-D 2.743 
B-D 3.022 

*D-D 2-872 

The  resu l t s  of th is  a n d  p rev ious  inves t iga t ions  give 
some g r o u n d  for n e w  specu la t ions  as to  t h e  fi l l ing of 
a tomic  orbi ta ls  or e n e r g y  b a n d s  in  s t r uc tu r e s  of these  
types .  I t  is poss ib ly  s igni f icant  t h a t  t h e  d e g e n e r a c y  
of t h e  d orbi ta ls  is n o t  r e m o v e d  u n d e r  t h e  s y m m e t r y  
g roup  (Yh) of t h e  r egu l a r  i cosahedron .  This  fac t  
suggests  t h a t  in t h e  coo rd ina t i on  12 a t o m s  t h e  d b a n d  
prefers  to  be s u b s t a n t i a l l y  f i l led (or pe rhaps  in  some 
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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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X-Ray Diffraction Studies of the ~ Phase, Mo-Ni* 
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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- 


